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Que la presente Tesis Doctoral titulada “Los cannabinoides como agentes 
modificadores de la enfermedad en la esclerosis múltiple y la esclerosis lateral 
amiotrófica” presentada por Miguel Moreno Martet, Licenciado en Biología, 
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sido realizada bajo nuestra dirección y reúne todos los requisitos necesarios 
para ser juzgada.  
 
 
Y para que conste y a los efectos oportunos, fiman el presente certificado en 
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3. Estimación del tiempo necesario para la terminación de la tesis.   
 
Esperamos que la tesis pueda estar finalizada e inscrita para su defensa antes de la finalización del 
periodo de 4 años de esta beca FPU. La idea es que la fase experimental finalice en los primeros meses 
de la última anuali ad, que el bec rio pueda escribir la tesis antes de la finalización del penúltimo 
semestre y que su defensa pública se produzca durante el último semestre. 
 
4. Programa formativo como docente y prácticas 
 
Aunque la participación en la docencia práctica del departamento solo es obligatoria a partir de la tercera 
anualidad, el becario ya ha empezado a participar en algunas actividades docentes que incluyen la 
impartición de prácticas tuteladas por un profesor en asignaturas del departamento para el Grado de 
Odontología. El objetivo es que adquiera también experiencia a este nivel. Por otro lado, y aunque no es 
una actividad estrictamente docente sino también investigadora, el becario también ha participado en la 
impartición de seminarios sobre temas de investigación para miembros del departamento, así como ya 
ha presentado algunos de sus resultados de investigación en congresos nacionales e internacionales del 
área, tanto en forma de póster como en forma de comunicación oral. En todos los casos, ha demostrado 
una excelente capacidad para transmitir tanto conocimientos generales como los generados por su 
actividad investigadora. 
 
5. Valoración general del rendimiento en una escala de 1 a 4: 
 
5. 1. Dedicación:  4                       5.2 Resultados obtenidos: 4                      5.3 Preparación alcanzada: 4 
 
 
Fecha: 10 de Febrero de 2011 
El director de la tesis: 
 
 
En consecuencia y como director de la tesis 
considera: 
 
 Aconsejable la continuidad de la ayuda 
 





EDU/SGU/DGPU. Programa nacional de ayudas FPU. Cuaderno del becario. Memorias anuales de seguimiento. Informe del 
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a b s t r a c t
Multiple sclerosis (MS) is an autoimmune disease that affects the CNS and it is characterized by
inflammation, demyelination, remyelination, gliosis and axonal damage that occur mainly in the spinal
cord. Cannabinoids have been proposed as promising therapeutic agents in MS given their capability to
alleviate specific MS symptoms (e.g., spasticity, pain). Although MS has been considered mainly an
inflammatory disorder, recent evidence, however, revealed the importance of neurodegenerative events,
opening the possibility that cannabinoid agonists, given their cytoprotective properties, may also serve to
reduce oligodendrocyte death and axonal damage in MS. Thus, the treatment with WIN55,512-2,
a potent CB1 and CB2 agonist, was reported to be effective to ameliorate tremor and spasticity in mice
with chronic relapsing experimental autoimmune encephalomyelitis, a murine model of MS, but also to
delay disease progression in this and other murine models of MS. The purpose of this investigation was
to further explore the mechanism(s) underlying the amelioration in disease progression caused by
WIN55,212-2. We have particularly focused on anti-glutamatergic and anti-inflammatory effects of this
cannabinoid agonist. In this study, we used mice treated with myelin oligodendrocyte glycoprotein
(MOG) that induces a progressive pattern of EAE and conducted the pharmacological experiments in
early stages of the disease. As expected, the administration of WIN55,512-2 (5 mg/kg, i.p) had a positive
effect in reducing neurological disability and improving motor coordination of EAE mice. Levels of
glutamate and GABA in the spinal cord and also in the brainstem of EAE mice were similar to control
animals, and, accordingly, they were not altered by the treatment with WIN55,212-2. However, EAE mice
showed some subtle alterations in mRNA levels for the glutamate transporter GLT1 and, to a lesser
extent, GLAST too, changes that were altered by the treatment with WIN55,212-2 in the spinal cord, but
not in the brainstem. Regarding to inflammatory responses, EAE mice showed a marked up-regulation in
mRNA levels for COX-2, inducible NOS and TNF-a in the spinal cord and the brainstem, these responses
being attenuated after the treatment with WIN55,212-2. We also observed the presence of cell aggre-
gates in the spinal cord of EAE mice that were significantly attenuated by the treatment with WIN55,212-
2. Immunohistochemical analysis (with Iba-1 and Cd11b) of these aggregates indicated that they cor-
responded to microglia (resident macrophages) and peripheral macrophages. Lastly, experiments con-
ducted with selective antagonists for the CB1 (e.g. rimonabant) or CB2 (e.g. AM-630) receptors revealed
that WIN55,212-2 effects in EAE mice were mediated by the activation of CB1 but not CB2 receptors, as
reflected the reversion of positive effects of this cannabinoid on neurological decline, TNF-a generation
and accumulation of cell aggregates in the spinal cord with rimonabant, but not with AM-630. This was
Abbreviations: CFA, complete Freund’s adjuvant; CNS, Central Nervous System; COX-2, cyclooxygenase-2; CREAE, chronic relapsing experimental autoimmune
encephalomyelitis; CSF, cerebrospinal fluid; EAE, experimental autoimmune encephalomyelitis; GLAST, glutamate/asparte transporter; GLT1, glutamate transporter-1; iNOS,
inducible nitric oxide synthase; MOG, myelin oligodendrocyte glycoprotein; MS, multiple sclerosis; PBS, phosphate-buffered saline; TMEV, Theiler’s murine encephalo-
myelitis virus; TNF-a, tumor necrosis factor-a.
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Tel.: þ34 913941450; fax: þ34 913941691.
E-mail address: jjfr@med.ucm.es (J. Fernández-Ruiz).
1 In memoriam of Ana Cabranes who dreamed the results obtained in these studies, but who unexpectedly died before being all her work finished and published.
Contents lists available at SciVerse ScienceDirect
Neuropharmacology
journal homepage: www.elsevier .com/locate/neuropharm
0028-3908/$ e see front matter ! 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.neuropharm.2012.01.030
Neuropharmacology 62 (2012) 2299e2308
&DQQDELQRLGVDVGLVHDVHPRGLıHUVLQ06DQG$/6

concordant with the lack of positive effects on neurological decline observed in EAE mice when they
received HU-308, a selective CB2 receptor agonist, instead WIN55,212-2. In summary, the treatment of
EAE mice with the cannabinoid agonist WIN55,512-2 reduced their neurological disability and the
progression of the disease. This effect was exerted through the activation of CB1 receptors, which would
exert a positive influence in the reduction of inflammatory events linked to the pathogenesis of this
disease.
! 2012 Elsevier Ltd. All rights reserved.
1. Introduction
After many years of continuous research, it is becoming more
evident that cannabinoid compounds and the endocannabinoid
signaling system offer a promising novel form of therapy for
multiple sclerosis (MS) that already covers the treatment of specific
symptoms (e.g. spasticity, pain; see Rog, 2010, for review), but that
might be extended in the future to the control of disease progres-
sion (reviewed in de Lago et al., 2010). The first link between MS
and cannabinoids derives from anecdotal, uncontrolled or
preclinical data generated in the early 90s, which indicated that
some MS patients frequently self-medicated with cannabis to
alleviate spasticity, dystonia, tremor, ataxia, pain and other MS
symptoms (for review, see Consroe et al., 1997; British Medical
Association Report, 1997; Pertwee, 2002). Trying to reproduce
these beneficial effects in experimental models of MS, Baker and
coworkers developed during the present decade a series of phar-
macological studies with different types of cannabinoid agonists
that always resulted highly effective in reducing spasticity in the
chronic relapsing form of experimental autoimmune encephalo-
myelitis (CREAE) in mice (Baker et al., 2000, 2001; Brooks et al.,
2002; de Lago et al., 2004, 2006; Pryce and Baker, 2007;
reviewed in Baker and Pryce, 2008). Parallel studies by other
authors in this and other MS models also demonstrated efficacy of
cannabinoid agonists on other symptoms (reviewed in Pertwee,
2007) or proved immunomodulatory/anti-inflammatory proper-
ties for these compounds in MS (Cabranes et al., 2005; Baker et al.,
2007; Kubajewska and Constantinescu, 2010). This solid pharma-
cological evidence has sustained the development of various clin-
ical studies aimed at determining the efficacy of different
cannabinoid-based medicines for the treatment of MS symptoms
(e.g. spasticity, pain, sleep disturbances) in patients, in general with
positive results (Zajicek et al., 2003, 2005; Vaney et al., 2004; Rog
et al., 2005; Barnes, 2006; Wade et al., 2006; Collin et al., 2007,
2010; reviewed in Lakhan and Rowland, 2009; Rog, 2010), facili-
tating the recent approval of the oromucosal spray Sativex", which
contains equimolecular combinations of botanical extracts
enriched in D9-THC and cannabidiol (Wright, 2007), for the treat-
ment of spasticity in MS in different countries (Kmietowicz, 2010).
Relief of symptoms in MS by cannabinoids has been reported to
be mostly mediated by the activation of CB1 receptors (Pryce and
Baker, 2007), which have been reported to be altered in some
CNS structures in CREAE mice (Cabranes et al., 2006) or in post-
mortem tissue from MS patients (Benito et al., 2007). Anandamide
has been also found to be elevated in active MS lesions
(Eljaschewitsch et al., 2006), lymphocytes and CSF samples
(Centonze et al., 2007), or in plasma (Jean-Gilles et al., 2009) of MS
patients, in concordance with the increase found in the spinal cord
and, to a lesser extent, in the brain, of CREAE mice during the
spastic phase of disease (Baker et al., 2001). In contrast, other
authors found lowered endocannabinoid levels in the CSF of MS
patients compared to control subjects, although elevations were
found during relapsing periods (Di Filippo et al., 2008). In general,
changes reported for the cannabinoid signaling system in patients
and different MS models have been interpreted as adaptative
responses aimed at limiting neuronal damage (reviewed by de Lago
et al., 2010). On one hand, the evidence of higher levels of endo-
cannabinoids or cannabinoid receptors suggests a contribution in
limiting excessive excitatory neurotransmission and the ongoing
inflammatory process that have potential neuroprotective impli-
cations (Centonze et al., 2007). On the other hand, lower endo-
cannabinoid levels, mainly 2-arachidonoylglycerol, occurring
during a neuroimmunological attack have been related to the
molecular mechanisms that control endocannabinoid generation
by microglia (Witting et al., 2006). Irrespective of this interpreta-
tion, the changes elicited in the cannabinoid signaling system in
CNS structures during the progression of MS support the idea that
the pharmacological management of this system may be beneficial
in this disease, not only for specific symptoms, but also for the
control of disease progression, a fact based on the well-recognized
properties of cannabinoid compounds as cytoprotective agents
(reviewed in Fernández-Ruiz et al., 2007, 2010). In this respect,
a new clinical trial, named Cannabinoid Use in Progressive
Inflammatory Brain Disease (CUPID; see http://sites.pcmd.ac.uk/
cnrg/cupid.php) is presently being developed with 493 patients
with progressive MS to validate the possibility that cannabinoids
may be also used as a disease-modifying agent to slowdown MS
progression. The marked anti-inflammatory properties of canna-
binoid compounds demonstrated in preclinical studies support this
possibility (reviewed in Fernández-Ruiz et al., 2005, 2010). These
properties have been related to those compounds that selectively
target the CB2 receptor located in glial cells that are recruited and
activated in response to inflammatory but also infectious, traumatic
or excitotoxic stimuli and that, upon activation, express CB2
receptors (reviewed in Fernández-Ruiz et al., 2005, 2007 and 2010).
Anti-inflammatory/neuroprotective effects can be also reached
with inhibitors of the cellular uptake of endocannabinoids, for
example UCM707, OMDM1 and OMDM2, which diminished neu-
roinflammation in parallel to decreased microglial reactivity in the
model of MS generated by infection with Theiler’s murine
encephalomyelitis virus (TMEV; Ortega-Gutiérrez et al., 2005;
Mestre et al., 2005). It appears reasonable that these uptake
inhibitors are enhancing the action of endocannabinoids at the CB2
receptor, so that this receptor might represent a new and promising
therapeutic target in MS (reviewed in Docagne et al., 2008) able to
control inflammation and then providing protection against glial-
derived cytotoxic mediators.
However, cannabinoids may also exert significant neuro-
protective effects in MS independently from the CB2 receptor-
mediated immunomodulatory and/or anti-inflammatory actions
(Croxford et al., 2008). This possibility was described for the first
time in 2003 by Baker’s group who found that induction of CREAE
was more intense in CB1 knockout mice compared to wild-type
animals (Pryce et al., 2003). In a further study (Jackson et al.,
2005), the same authors showed greater neuronal/axonal loss
and demyelination when CREAE was induced in CB1 knockout
animals and how these responses were accompanied by an intense
activation of caspase 3. In vitro experiments have also confirmed
that neuronal damage is greater in absence of the CB1 receptor
(Jackson et al., 2004). These data suggest that the CB1 receptor
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represents another key target for providing neuroprotection with
cannabinoids in the CREAE model of MS. Other authors also
described benefits for CB1 receptor agonists against the neurolog-
ical deficits in other MS models (Arévalo-Martin et al., 2003;
Croxford and Miller, 2003). It is important to remark that this
neuroprotective effect appears to be exerted independently of the
other properties of cannabinoids, since low doses of WIN55,512,
which have no anti-inflammatory potential, were able to reduce
axonal loss in the spinal cord and improve the clinical score in the
EAE model (Croxford et al., 2008). In this context, the greater
vulnerability of CB1 knockout mice to the induction of CREAE (Pryce
et al., 2003; Jackson et al., 2005) has been related to the role played
by this receptor in regulating glutamate homeostasis, as suggest the
fact that CREAE-CB1 knockout mice were more vulnerable to exci-
totoxic insults (Pryce et al., 2003). It is well-known that glutamate
is a key mediator in neuronal and oligodendrocyte damage in MS,
as has been found in studies with patients and also in experimental
models (reviewed in Gonsette, 2008), and that CB1 receptor
agonists exert direct neuroprotective effects by limiting glutamate
release and excitotoxic damage in several neurodegenerative
disorders (reviewed in Fernández-Ruiz et al., 2010). Therefore, CB1
receptor agonists might also be useful against excitotoxic death of
oligodendrocytes and, subsequently, neurons in MS, as it has been
shown in various in vitro and in vivo studies (Docagne et al., 2007;
Loría et al., 2010; reviewed in Fernández-Ruiz et al., 2010). This
means that, in addition to the potential of CB2 receptors in MS
described before, CB1 receptors may also represent an important
protective target able to improve glutamate homeostasis and its
influence in the progression of MS. These antiexcitotoxic properties
of cannabinoids in MS should be investigated more extensively in
years to come.
In the present study, we wanted to explore whether a chronic
treatment with the non-selective cannabinoid agonist WIN55,212-
2, which already showed neuroprotective effects in MSmodels (see
Croxford et al., 2008; de Lago et al., 2010, for recent reviews), may
be acting through a CB1 receptor-mediated improvement of
glutamate anomalies described in various CNS structures in MS.We
used the model of chronic progressive EAE induced in mice by
inoculation of myelin oligodendrocyte glycoprotein (MOG).
However, our experiments proved that beneficial effects of
WIN55,212-2 treatment on neurological decline in these animals
were not related, in general, to changes in glutamate transmission,
so that we conducted additional experimentation centered in the
anti-inflammatory/neuroprotective effects of WIN55,212-2 that
proved positive results. However, contrarily to the expectations,
these effects were mediated by CB1 but not by CB2 receptors, as
reflected in experiments with selective antagonists for both
receptor types, or with a selective CB2 receptor agonist.
2. Materials and methods
2.1. Animals, treatments and sampling
Female C57BL/6 mice were purchased from Charles River Laboratories (Barce-
lona, Spain) and housed in our animal facilities in a room with controlled photo-
period (12 h light/dark cycle), temperature (20 ! 1 "C) and relative humidity
(40e60%). They had free access to standard food and water. They were used at adult
age (6e8 week old) for all the experiments, which were performed according to
European regulations for experimental work with animals (directive 86/609/EEC).
EAE was induced using the method published by Mendel et al. (1995). This method
consists of one subcutaneous injection in each flank of an emulsion containing
200 mg of the 35-55 portion of MOG (Advanced Biotechnology Centre, Imperial
College, London, UK) and 4 mg/ml ofMycobacterium tuberculosis (H37RA DIFCO Lab,
Detroit, MI, USA) in a 1:1 mix with incomplete Freund’s adjuvant (Sigma/Aldrich,
Madrid, Spain) and phosphate-buffered saline (PBS). This injection was repeated
after 7 days. For exacerbating the inflammatory response, mice also received 1.5 mg/
ml of Pertussis toxin (Sigma/Aldrich, Madrid, Spain) prepared in saline and
administered i.p. on days 0 and 2. Control animals were obtained by inoculationwith
the same emulsion (complete Freund’s adjuvant, CFA) without MOG and without
injections of Pertussis toxin. After inoculation, mice were examined daily for the
presence of neurological signs, using the following scale: 0, no clinical signs; 1, limp
tail; 2, hind limb weakness; 3, partial hind limb paralysis; 4, complete hind limb
paralysis; and 5, moribundity or death. Daily weight loss was also recorded.
Following this method of EAE induction, we noticed that first clinical signs appeared
around day 11e12 after inoculation showing a worsening pattern compared to
control animals inoculated with CFA (see Fig. 1) that progresses up to day 16 post-
inoculation. The magnitude of the neurological decline found at this post-
inoculation time in our animals reached values similar to those described in
previous studies by other authors (Balabanov et al., 2007; Basso et al., 2008;
Aharonowiz et al., 2008). Therefore, pharmacological experiments were initiated at
day 11 post-inoculation and consisted of daily injections of WIN55,212-2 (5 mg/kg
weight; purchased from Tocris Cookson Ltd. Bristol, UK) or vehicle (experiment I), or
combinations of WIN55,212-2 (5 mg/kg weight) with the selective CB1 receptor
antagonist SR141716 (5 mg/kg weight; kindly provided by Sanofi-Aventis, Mont-
pellier, France) or the CB2 receptor antagonist AM-630 (5 mg/kg weight; purchased
from Tocris Cookson Ltd. Bristol, UK) (experiment II). In an additional experiment
aimed at further exploring the role of CB2 receptors, EAEmicewere treatedwith HU-
308 (5 mg/kg weight; purchased from Tocris Cookson Ltd. Bristol, UK), a selective
agonist for this receptor, or vehicle, following the same schedule than in the
previous experiments. On the other hand, as previous studies (Shibaki and Katz,
2002) described adjuvant-induced activation of inflammation, naïve animals not
inoculated with CFA (results in the remaining treatments were always expressed as
% over this group for all measures), as well as CFA-inoculated animals injected with
WIN55,212-2, were used as controls for most of the experiments but their results
were not shown in figures. The neurological status of all animals was evaluated by
researchers blinded to the treatment corresponding to each animal. Immediately
after neurological evaluation at the day 16, animals were perfused with cold PBS and
Fig. 1. Effects of a chronic treatment with WIN55,212-2 or vehicle (initiated at day 11
post-inoculation) on neurological status and weight of mice with EAE induced by
inoculation of MOG (day 0) and the corresponding controls (exposed to CFA). Details in
the text. Values are means ! SEM of 7e8 subjects per group. Data were assessed by
two-way analysis of variance followed by the Student-Newman-Keuls test (*p < 0.05
versus CFA, #p < 0.05 versus MOG þ vehicle).
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their brains and spinal cords were removed and rapidly frozen by immersion in 2-
methylbutane cooled in dry-ice. Samples were stored at !80 "C until used for
HPLC or qRT-PCR analysis (n ¼ 7e8 subjects per experimental group). In a few cases,
spinal cords were fixed in 4% paraformaldehyde overnight followed by a cryopro-
tective treatment with 20% sucrose, and they were used for histological analyses
(n ¼ 4e5 per experimental group).
2.2. HPLC determination of GABA and glutamate
Dissected brain structures (spinal cord and brainstem) were homogenized in
20e40 vol of cold 150 mM potassium phosphate buffer (pH 6.8) and each homog-
enate was used to analyze GABA and glutamate contents, as described below. An
aliquot of each homogenate was used to determine the protein concentration
(Lowry et al., 1951). The GABA and glutamate content was analyzed by HPLC with
electrochemical detection according to methods previously published (Cabranes
et al., 2005; de Lago et al., 2006). Homogenates were diluted with 0.4 N
perchloric acid containing 0.4 mM sodium disulfite, 0.90 mM EDTA and 5 mg/ml b-
aminobutyrate (BABA) as an internal standard. Afterward, samples were centrifuged
for 3 min (15,000 g) and 50 ml of each supernatant was removed and neutralized
with 100 ml of 0.1 N NaOH. The samples were then stored at 4 "C until they were
analyzed. The analysis included the derivatization of glutamate, GABA and BABA by
adding 15 ml of o-phthaldehyde (OPA)-sulfite (14.9 mMOPA, 45.4 mM sodium sulfite
and 4.5% ethanol in 327 mM borate buffer, pH 10.4) and allowing the samples to
react at room temperature for 10 min. Then, 20 ml of each reaction mixture
(including derivatizated calibration standards composed of known concentrations of
glutamate, GABA and BABA) were injected into the HPLC system. This system con-
sisted of a Spectra-Physics 8810 pump and the columnwas a RP-18 (Tracer Excel 120
ODSB; 150 mm, 4.6 mm, 5 mm particle size; Teknokroma, Barcelona, Spain). The
mobile phase, previously filtered and degassed, consisted of 0.06 M sodium dihy-
drogen phosphate, 0.06 mM EDTA and methanol (30% for the analysis of GABA and
5% for the analysis of glutamate, pH 4.4), at a flow rate of 0.8 ml/min. The effluent
was monitored with a Metrohm bioanalytical amperometric detector, using a glass
carbon electrode with a 0.85 V potential relative to an Ag/AgCl reference electrode
with a sensitivity of 50 nA (approx. 2 ng per sample). The signal was recorded on
a Spectra-Physics 4290 integrator and the results obtained from the peaks were
calculated by comparison with the area under the corresponding internal standard
peak. Values were expressed as mg/mg of protein.
2.3. Histological analyses
Spinal cords fixed in 4% paraformaldehyde and cryoprotected in 20% sucrose
were sliced (20 mm thick) with a cryostat and collected on TESPA-coated slides.
Slides were used to determine the presence of cell aggregates using Nissl staining
(see details in Alvarez et al., 2008), as well as the characteristics of these cells using
immunohistochemical analysis with Iba-1, a marker of resident microglia, and with
Cd11b, a marker of reactive macrophages. In this case, sections were incubated
overnight at 4 "C with: (i) monoclonal anti-rabbit Iba-1 (Wako Pure Chemical
Industries Ltd., Osaka, Japan) used at 1/300, or (ii) monoclonal anti-mouse Cd11b
antibody (AbD Serotec, Oxford, UK) used at 1:150. After incubation with the corre-
sponding primary antibody, sectionswerewashed in 0.1M PBS and incubated for 2 h
at room temperature with the appropriate biotin-conjugated anti-rat (1:500; Mil-
lipore, Temecula, CA, USA) or biotin-conjugated anti-rabbit (1:300; Sigma/Aldrich,
Madrid, Spain) secondary antibodies. Reaction was revealed with the Vectastain!
Elite ABC kit (Vector Laboratories, Burlingame, CA, USA). Negative control sections
were obtained using the same protocol with omission of the primary antibody. All
sections for each immunohistochemical procedure were processed at the same time
and under the same conditions. A Nikon Eclipse 90i microscope and a Nikon DXM
1200F camera were used for slide observation and photography, and all image
processing was done using ImageJ, the software developed and freely distributed by
the US National Institutes of Health (Bethesda. MD, USA).
2.4. Real-time qRT-PCR analysis
After PBS perfusion, total RNA was isolated from spinal cords, brainstem and
other structures using TRI Reagent! RNA isolation reagent (Sigma-Aldrich) with
modification in the protocol for structures with high contents of lipids. The total
amount of RNA extracted was quantitated by spectrometry at 260 nm and its purity
from the ratio between the absorbance values at 260 and 280 nm. Its integrity was
confirmed in agarose gels. After genomic DNA was removed (to eliminate DNA
contamination), single-stranded complementary DNAwas synthesized from 1 mg of
total RNA using a commercial kit (Rneasy Mini Quantitect Reverse Transcription,
Qiagen, Izasa, Madrid, Spain). Quantitative real-time PCR assays were performed
using TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA, USA) to
quantify mRNA levels for inducible nitric oxide synthase (iNOS; NM_010927.3),
cyclooxygenase-2 (COX-2; NM_011198.3), tumor necrosis factor-a (TNF-a;
NM_013693.2), or SyberGreen for glutamate transporter-1 (GLT1; sense: 50-GGAA-
GATGGGTGAACAGGC-30 and antisense: 50-TTCCCACAAATCAAGCAGG-30) and gluta-
mate/aspartate transporter (GLAST; sense: 50-ACGGTCACTGCTGTC ATTG-30 and
antisense: 50-TGTGACGAGACTGGAGATGA-30) (Pawlak et al., 2005; Loría et al., 2010)
using GAPDH expression with Taqman (NM_008084.2) or SyberGreen (sense: 50-
TGTGATGGGTGTGAACCACGAGAA-30 and antisense: 50-GAGCCCTTCCA-
CAATGCCAAAGTT-30; Schroder et al., 2009), respectively, as an endogenous control
gene for normalization. Each sample was assayed in duplicate and suitable control
samples were run for each set of RNA extractions. The PCR assay was performed
using the 7300 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA)
and the threshold cycle was calculated by the instrument’s software (7300 Fast
System, Applied Biosystems, Foster City, CA, USA).
2.5. Statistics
All data were subjected to one- or two-way (treatment $ time) analysis of
variance followed by the StudenteNewmaneKeuls test.
3. Results
3.1. Effects of WIN55,212-2 treatment on neurological status and
neuropathological markers of EAE mice
In this study, we used mice treated with MOG that generates
a progressive pattern of EAE induction with neurological disabil-
ities that start at 12 days post-inoculation and progress during the
following days (time: F(5,188)¼ 7.21, p< 0.0001; see Fig.1). Control
animals (CFA-treated) exhibited no neurological decline at all days
examined (Fig. 1). As mentioned above, the magnitude of this
neurological decline had the same extent than the data reported by
other authors in previous studies (Balabanov et al., 2007; Basso
et al., 2008; Aharonowiz et al., 2008). A similar pattern was found
for weight loss that also starts at 12 days post-inoculation, although
it becomes statistically significant only after day 13 (time:
F(7,279) ¼ 6.872, p < 0.0001; see Fig. 1). We conducted the phar-
macological experiments withWIN55,212-2 in an early stage of the
disease, administering the first dose at 11 days post-inoculation. As
expected, the administration of WIN55,512-2 had a positive effect
in reducing neurological disability and improving motor coordi-
nation of EAE mice (treatment: F(2,188) ¼ 31.38, p < 0.0001; see
Fig. 1). The same positive effects occurred in relation with the
weight loss after the treatment of EAE mice with WIN55,212-2
(treatment: F(2,279) ¼ 33.66, p < 0.0001; see Fig. 1).
Levels of glutamate and GABA in the spinal cord and also in the
brainstem of EAE mice were similar to control animals, and,
accordingly, they were not altered by the treatment with
WIN55,212-2 (Fig. 2). However, EAE mice showed some subtle
alterations in mRNA levels for the glutamate transporter GLT1 and,
to a lesser extent, GLAST too. For example, GLT1 showed trends
toward a decrease in the spinal cords and the brainstem of EAE
mice, whereas the opposite was found for GLAST (Fig. 2). In any
case, these changes did not reach statistical significance, but the
treatment with WIN55,212-2 strongly elevated the low levels of
GLT1 observed after MOG inoculation in the spinal cord
(F(2,17) ¼ 12.10, p < 0.001; see Fig. 2) and enhanced the effects of
MOG on GLAST in the same structure (F(2,14)¼ 9.06, p< 0.005; see
Fig. 2). These responses were not visible in the brainstem (Fig. 2).
On the other hand, we did not find any significant differences
between CFA-treated (used as controls in the figures) and naïve
(data not shown, but used to determine 100% level in the figures)
animals, thus indicating that adjuvant alone has no relevant effect
by itself. Other areas studied for both GABA and glutamate
concentrations and GLT1- and GLAST-mRNA levels did not show, as
expected, any differences by MOG inoculation and/or WIN55,212-2
treatment (data not shown).
As regards to inflammatory responses, EAE mice showed
a marked up-regulation in mRNA levels for various proin-
flammatory markers, such as COX-2 (F(2,15) ¼ 226.1, p < 0.0001;
see Fig. 3), inducible NOS (F(2,17) ¼ 517.5, p < 0.0001; see Fig. 3)
and TNF-a (F(2,16) ¼ 611, p < 0.0001; see Fig. 3) in the spinal cord,
responses that were all attenuated after the treatment with
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WIN55,212-2, particularly in the case of iNOS and, to a lesser extent,
TNF-a. Equivalent responses were found in the brainstem, although
statistical significance was only reached in the case of iNOS
(F(2,14) ¼ 316.6, p < 0.0001; see Fig. 3) and TNF-a (F(2,14) ¼ 857.8,
p < 0.0001; see Fig. 3), whereas the pattern of COX-2, although
relatively similar to the case of the spinal cord, did not reach
statistical significance. It should be also remarked that, as for GABA
and glutamate parameters, we did not find any significant
Fig. 2. Effects of a chronic treatment with WIN55,212-2 or vehicle (initiated at day 11 post-inoculation) on glutamate and GABA contents and GLT1 and GLAST mRNA levels in the
spinal cord and the brainstem of mice with EAE induced by inoculation of MOG and the corresponding controls (exposed to CFA). Details in the text. Values correspond to animals at
the day 16 post-inoculation and are mg/mg of protein for glutamate and GABA contents and % over control (naïve) animals for GLT1 and GLAST mRNA levels. They are expressed as
means " SEM of 7e8 subjects per group. Data were assessed by one-way analysis of variance followed by the StudenteNewmaneKeuls test (*p < 0.05 versus the other two groups).
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differences between CFA-treated (used as controls in the figures)
and naïve (data not shown, but used to determine 100% level in the
figures) animals, except in the case of COX-2, for which CFA-treated
animals showed elevations up to 500% in the spinal cord and 300%
in the brainstem caused by the administration of adjuvant alone
(see Fig. 3). Similar responses have been already described in
previous studies (Shibaki and Katz, 2002). We also observed the
presence of cell aggregates/infiltrates, stained with Nissl, in the
spinal cord of EAE mice that were significantly attenuated by the
treatment with WIN55,212-2 (Fig. 4). Immunohistochemical anal-
ysis (with Iba-1 and Cd11b) of these aggregates indicated that they
corresponded to microglia (resident macrophages labeled with Iba-
1; see Fig. 4) and peripheral macrophages (labeled with Cd11b; see
Fig. 4).
3.2. Identification of the type of cannabinoid (CB1 or CB2) receptor
involved in the beneficial effects of WIN55,212-2 in EAE mice
In a second experiment, we wanted to determine the type of
cannabinoid receptor underlying positive effects of WIN55,212-2 in
EAE mice. To this end, we conducted some experiments with
selective antagonists for the CB1 (e.g. SR141716) or CB2 (e.g. AM-
630) antagonists administered in combination with WIN55,212-2.
We observed that the effects of this cannabinoid on neurological
decline of EAE mice (F(3,90) ¼ 7.898, p < 0.0001; see Fig. 5), as well
as on TNF-a generation (F(4,18) ¼ 967.3, p < 0.0001; see Fig. 6) and
accumulation of cell aggregates (see Fig. 4) in the spinal cord were
attenuated by the combination of WIN55,212-2 and SR141716, thus
indicating that WIN55,212-2 effects in EAE mice were mediated by
the activation of CB1 receptors, which is concordant with data
reported by other authors (Pryce et al., 2003; Maresz et al., 2007).
By contrast, AM-630 did not reverse WIN55,212-2 effects on
neurological decline (Fig. 5), TNF-a mRNA levels (Fig. 6) and pres-
ence of cell aggregates (Fig. 4). Even, AM-630, when combined with
WIN55,212-2, produced an enhancement of positive effects on
neurological decline caused by the cannabinoid agonist adminis-
tered alone (F(3,100)¼ 13.22, p< 0.0001; see Fig. 5). This surprising
responsemay be interpreted as the consequence of a higher activity
of WIN55,212-2 at the CB1 receptors when CB2 receptors are
blocked. The fact that CB2 receptors are not involved inWIN55,212-
2 effects was concordant with the fact that the selective CB2 agonist
HU-308, when used instead WIN55,212-2, was unable to modify
the neurological decline observed in EAE mice (see Fig. 7).
4. Discussion
Multiple sclerosis is the neurological disease that represents the
most frequent cause of chronic disability in young adults (for
review, see Frohman, 2003). As yet, no treatment can completely
halt the accumulation of disability and substantial efforts are being
made to find new therapeutic molecules in this disease. This
includes several immunomodulatory and anti-inflammatory
agents, but also cytoprotective molecules given the progressive
assumption that oligodendrocyte death and axonal loss are key
events in the disease (Trapp and Nave, 2008). Cannabinoid-based
compounds have been proposed as potentially useful in the treat-
ment of some symptoms of this disease but also as a disease-
modifying agent given their anti-inflammatory/neuroprotective
properties (for review, see Pryce and Baker, 2005; de Lago et al.,
2010). In this study, we have contributed to this last aspect by
exploring the mechanisms involved in beneficial effects of the non-
selective cannabinoid agonist WIN55,212-2 in MOG-induced EAE
mice. Similar beneficial effects of WIN55,212-2 or other similar
cannabinoid agonists have been already described in different
Fig. 3. Effects of a chronic treatment with WIN55,212-2 or vehicle (initiated at day 11 post-inoculation) on COX-2, inducible NOS and TNF-amRNA levels in the spinal cord and the
brainstem of mice with EAE induced by inoculation of MOG and the corresponding controls (exposed to CFA). Details in the text. Values correspond to animals at the day 16 post-
inoculation and are % over control (naïve) animals expressed as means " SEM of 7e8 subjects per group. Data were assessed by one-way analysis of variance followed by the
StudenteNewmaneKeuls test (***p < 0.0005 versus CFA, #p < 0.05, ##p < 0.005 versus MOG þ vehicle).
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models of MS (Arévalo-Martin et al., 2003; Pryce et al., 2003;
Mestre et al., 2009; Hasseldam and Johansen, 2010; Downer et al.,
2011). The interest of our present study was to correlate neuro-
logical recovery with attenuation of different neurobiological
mechanisms that are exacerbated during MS pathogenesis, for
example, we examined possible changes in glutamate concentra-
tions (and also GABA) in key structures, e.g. spinal cord and
brainstem, of mice after induction of EAE and also after the
Fig. 5. Effects of a chronic treatment with WIN55,212-2 (initiated at day 11 post-inoculation) administered in the presence or absence of SR141716 (left panel) or AM-630 (right
panel), or vehicle on neurological status of mice with EAE induced by inoculation of MOG and the corresponding controls (exposed to CFA). Details in the text. Values are
means ! SEM of 7e8 subjects per group (in some cases, error bars are omitted but only for presentation). Data were assessed by one-way analysis of variance followed by the
StudenteNewmaneKeuls test (*p < 0.05 versus CFA, and also versusMOG þ AM-630 þWIN in right panel; #p< 0.05 versusMOG þ vehicle and MOG þ SR1 þWIN; @p < 0.05 versus
MOG þ vehicle).
Fig. 4. Representative microphotographs corresponding to Nissl staining (5# images and those in panel a), and immunostaining for IBA-1 (panel b) or Cd11b (panel c) in the spinal
cord of mice with EAE induced by inoculation of MOG (day 0) and treated with WIN55,212-2 (initiated at day 11 post-inoculation) combined with SR141716 or AM-630, and the
corresponding controls (exposed to CFA). They always correspond to animals at the day 16 post-inoculation. Details in the text. Cell aggregates are indicated by arrows.
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treatment with WIN55,212-2. We also paid attention to possible
changes in the expression of glutamate transporters, particularly
those located preferentially in glial cells (e.g. GLT1 and GLAST),
whose malfunctioning or deficiency have been related to excito-
toxic neuronal damage in various neurodegenerative disorders
including MS (reviewed in Tilleux and Hermans, 2007). Our
hypothesis in the case of glutamate transporters was that their
expression should be reduced in EAE mice and that WIN55,212-2
treatment should lead to a partial or complete recovery, then
allowing a reduction of elevated extracellular glutamate levels
responsible of excitotoxic damage to oligodendrocytes and
neurons. However, in our hands, neither glutamate and GABA levels
nor GLT1 and GLAST expression are significantly altered by EAE
induction and/or after WIN55,212-2 treatment, or, when they
showed some alterations (the case of GLT1 and GLAST in the spinal
cord), they are difficult to interpret in relation with the beneficial
effects of WIN55,212-2 in this experimental model of MS. For
example, the increased expression of GLT1 and GLAST found in the
spinal cord of EAE mice after treatment with WIN55,212-2 may
indicate a greater capability to control extracellular levels of
glutamate in comparison with the situation during EAE patho-
genesis, which would agree with the beneficial effects of this
cannabinoid agonist on neurological decline. Supporting in part
this idea, Vallejo-Illarramendi et al. (2006) found an increase in
gene expression for GLAST, and also for GLT1, in optic nerve post-
mortem samples of MS patients, a response that these authors
interpreted as a way of protection against excess of glutamate, as
our data might also indicate for GLAST during EAE and, particularly,
after WIN55,212-2 treatment. Similar results were described by
Mitosek-Szewczyk et al. (2008) in different brain structures of EAE
rats, although protein levels did not mirror mRNA changes in this
case, something that is also unknown in our study. However,
making any interpretation extremely complex, there are other
studies that show an opposite situation, a notable reduction in both
glial transporters in MS patients that was evident in cortical
structures in correlation with the presence of activated microglia
infiltration (Vercellino et al., 2007). Similar reductions were found
by Ohgoh et al. (2002) in the spinal cord of EAE rats.
Given that our data do not appear to support the idea that
normalization of glutamate homeostasis is linked with the positive
effects of WIN55,212-2 in EAE mice, we concentrated in
inflammatory and cell infiltration events that have been described
to play a key role in inducing degenerative episodes in MS
(reviewed in Stadelmann et al., 2011).We found that the spinal cord
and the brainstem of EAE mice experienced a notable increase in
various proinflammatory factors, for example, COX-2 and iNOS
enzymes, and the cytokine TNF-a, responses that are likely linked
to activation of glial elements during EAE. These responses are
concordant with data published in this and other MSmodels (Farias
et al., 2007; Centonze et al., 2009; Hasseldam and Johansen, 2010),
as well as in patients (Baraczka et al., 2003; Yiangou et al., 2006;
Tumani et al., 2009). As in our study, some of these authors and
others used analysis of mRNA levels for these factors that they
related to the disease progression or to the effects of potential
therapies (Tanuma et al., 1997; Villarroya et al., 1997; Wildbaum
and Karin, 1999), whereas other studies described that these
changes in mRNA levels were always accompanied by equivalent
changes in protein levels and/or function (Martino et al., 1997;
Villarroya et al., 1997; Molina-Holgado et al., 1999; Ortega-
Gutiérrez et al., 2005; Melanson et al., 2009). In our study, the
treatment with WIN55,212-2 attenuated these responses, particu-
larly in the case of iNOS, thus reducing inflammatory events and
allowing a partial recovery of animals in the neurological exami-
nation. As anti-inflammatory effects of cannabinoid agonists are
normally mediated by the activation of CB2 receptors, we expected
that the blockade of this receptor would attenuate the positive
effects shown by WIN55,212-2. However, we failed to reverse
WIN55,212-2 effects with AM-630, a selective CB2 receptor antag-
onist, whereas the use of a selective agonist for this receptor did not
produce any positive effects in EAE mice, thus discarding that CB2
receptors have a role in our experimental paradigm. By contrast, we
found reversion when we used a selective CB1 receptor antagonist,
thus supporting the participation of this receptor in WIN55,212-2
effects. Paradoxically, the blockade of CB2 receptors improved the
effect of WIN55,212-2 on neurological disabilities of EAE mice,
which may be explained as originated by a greater activity of
WIN55,212-2 at the CB1 receptors when CB2 are closed for this
agonist, and not by a possible worsening effect of CB2 receptors. In
support of this, the administration of the CB2 blocker AM-630 alone
to EAE mice did not produce any beneficial effect by itself (data not
shown), a fact expected in the case of a negative role of CB2
receptors. The fact that CB1 receptors are involved in a reduction of
inflammatory factors in EAE mice may appear a paradoxical effect.
Fig. 7. Effects of a chronic treatment with HU-308 or vehicle (initiated at day 11 post-
inoculation) on neurological status of mice with EAE induced by inoculation of MOG
(day 0) and the corresponding controls (exposed to CFA). Details in the text. Values are
means ! SEM of 7e8 subjects per group. Data were assessed by two-way analysis of
variance followed by the StudenteNewmaneKeuls test (*p < 0.05 versus CFA).
Fig. 6. Effects of a chronic treatment with WIN55,212-2 (initiated at day 11 post-
inoculation) administered in the presence or absence of SR141716 or AM-630, or
vehicle on TNF-a mRNA levels in the spinal cord of mice with EAE induced by inoc-
ulation of MOG and the corresponding controls (exposed to CFA). Details in the text.
Values correspond to animals at the day 16 post-inoculation and are % over control
(naïve) animals expressed as means ! SEM of 7e8 subjects per group. Data were
assessed by one-way analysis of variance followed by the StudenteNewmaneKeuls
test (values with a different letter are statistically different).
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However, it is concordant with data described by other authors that
induced EAE in CB1 receptor-deficient mice and found stronger
inflammatory responses (Pryce et al., 2003), or that needed to
activate this receptor located in neurons, although also CB2 recep-
tors in autoreactive lymphocytes, for the suppression of EAE
(Maresz et al., 2007).
On the other hand, the inflammatory events (elevated COX-2,
iNOS and TNF-a) found in the spinal cord of EAE mice are associ-
ated with the presence of cell infiltrates in some parts of this
structure, as extensively demonstrated in previous studies
(reviewed in Brück, 2005). Here, we have also observed these
infiltrates in the form of cell aggregates located peripherally in
white matter of the spinal cord of EAE mice. Immunostaining with
specific antibodies revealed that these aggregates contain cells
labeled with Iba-1, indicating the presence of resident microglial
cells, and also with Cd11b, indicating the infiltration of peripheral
macrophages, in concordance with data published previously
(reviewed in Brück, 2005). The most important observation in
relation with these aggregates is that they were significantly
reduced by the treatment with WIN55,212-2, in parallel to the rest
of the anti-inflammatory effects of this cannabinoid, and that only
the blockade of CB1 receptors abolished the effect of WIN55,212-2
on aggregates, supporting again that the CB1 receptor is the key
target in relation with cannabinoid effects in EAE mice.
In summary, the treatment of EAE mice with the cannabinoid
agonist WIN55,512-2 reduced their neurological disability and the
progression of the disease. This effect was exerted through the
activation of CB1 receptors, which would exert a positive influence
in the reduction of inflammatory events linked to the pathogenesis
of this disease.
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WLHQWV ZLWK SULPDU\ RU VHFRQGDU\ 06 UHPDLQ
HOXVLYH 7KHLOHU·V PXULQH HQFHSKDORP\HOLWLV
YLUXVLQGXFHG GHP\HOLQDWLQJ GLVHDVH 70(9
,'' LV DPRGHO RI06 /LSWRQ DQG'DO &DQWR
XQLTXH LQUHSURGXFLQJWKHSXWDWLYHYL
UDOHWLRORJ\RI06DQGWRVWXG\YLUXVLQGXFHG
DXWRLPPXQLW\ 0LOOHU HW DO  7KH 70(9
PRGHO IHDWXUHV D FKURQLFSURJUHVVLYHGLVHDVH
FRXUVHWKDWODVWVWKHHQWLUHOLIHVSDQRIVXVFHS
WLEOHVWUDLQRIPLFH6HYHUDOIHDWXUHVRI06VXFK




PRGHO UHYLHZHG E\ 'HQLF HW DO 70(9
EDVHG06PRGHOVDOVRIHDWXUHVHYHUDO05,ӾQ
GLQJVRIWKHKXPDQGLVHDVH3LUNRHWDO
70(9 LV D VLQJOHVWUDQGHG51$ YLUXV DQG LWV
LQWUDFUDQLDO LQRFXODWLRQ LQ VXVFHSWLEOH PRXVH














UHVXOWV VKRZ WKDW HDFK LQGHSHQGHQW WUHDWPHQWZDV VLJQLӾFDQWO\ HӽHFWLYH LPSURYLQJ WKH





























 7KH FDQQDELQRLG V\VWHP FRQVLVWV RI
FDQQDELQRLGUHFHSWRUVDQGH[RJHQRXVDQGHQ
GRJHQRXV UHFHSWRU OLJDQGV0RVW FDQQDELQRLG
DFWLRQVDUHPHGLDWHGWKURXJKWKHFODVVLFDOFDQ
QDELQRLG UHFHSWRU W\SH &%5DQGFDQQDEL
QRLG UHFHSWRU W\SH &%5+RZHYHU FDQQD
ELQRLGV&%VDOVRDFWYLDPHFKDQLVPVWKDWGR
QRW LQYROYH&%RU&% UHFHSWRUV UHYLHZHGE\
3HUWZHH7KHH[RJHQRXV OLJDQGV LQFOX
GHQDWXUDOSODQWGHULYHGOLJDQGVDQGV\QWKHWLF
&%5&%5 DJRQLVWV DQG LQYHUVH DJRQLVWDQ
WDJRQLVWV7KHEHVWFKDUDFWHUL]HGHQGRFDQQD
ELQRLGVLQFOXGHDQDQGDPLGH$($DQGDUD
FK\GRQR\OJO\FHURO $* ERWK SDUWLDO &%5






GLVHDVHV 9HOD\XGKDQ HW DO  3U\FH DQG
%DNHU3UHFOLQLFDOVWXGLHVKDYHGHPRQV
WUDWHG WKDW FDQQDELQRLGV FDQ DOOHYLDWH06 DV
VRFLDWHG V\PSWRPV VXFK DV VSDVWLFLW\ %DNHU




5XL] HW DO  &DQQDELQRLGV DOVR SURWHFW
ROLJRGHQGURF\WHV LQYLWURDQG LQYLYR 0ROLQD
+ROJDGRHWDO0HFKDHWDO*y
PH]HWDO6ROEULJHWDO7KHRUR
PXFRVDO VSUD\ 6DWLYH[  UDWLR RI ৫7+&




WLFLW\ V\PSWRPV VKRZLQJ FOLQLFDOO\ VLJQLӾFDQW





ULVN IRU VHULRXV DGYHUVH GUXJ UHDFWLRQV %RWK
FRPSRQHQWV RI 6DWLYH[ KDYH EHHQ GHVFULEHG





([SHULPHQWDO HYLGHQFH IRU D QHXURSURWHFWLYH
HӽHFW RI 6DWLYH[ KDV EHHQ UHFHQWO\ UHSRUWHG
LQLQӿDPPDWRU\PRGHOVRI+XQWLQJWRQGLVHDVH
9DOGHROLYDVHWDO=DMLFHNDWDO







RI H[SHULPHQWDOPRGHOV WKDW EHWWHU UHSUHVHQW
SURJUHVVLYH06WRFRQWLQXHLQYHVWLJDWLQJZKH
WKHU &%VPLJKW FKDQJH WKH GLVHDVH FRXUVH RI
SURJUHVVLYH06
 ,QWKHSUHVHQWVWXG\ZHLQYHVWLJDWHWKH
WKHUDSHXWLF SRWHQWLDO RI D 6DWLYH[OLNH FRP
ELQDWLRQ RI SK\WRFDQQDELQRLGV DV D GLVHDVH
PRGLI\LQJWKHUDS\LQDPRGHORISULPDU\SUR
JUHVVLYH 06 7KH WUHDWPHQW ZLWK 6DWLYH[OLNH
FRPELQDWLRQ RU LQGLYLGXDOO\ ¨7+&%'6 RU







ZDV UHVWRUHG DQG F\WRNLQHV ZHUH UHGXFHG E\















GHVFULEHG SUHYLRXVO\ /OHGy HW DO  RU ZLWK  ĂO
RI'0(0 )&6 LQ WKH FDVH RI 6KDP QRQLQIHFWHG
RSHUDWHGPLFH $OO H[SHULPHQWV ZHUH SHUIRUPHG LQ VWULFW





















FDOV /WG &DPEULGJHVKLUH 8. >৫7+& ERWDQLFDO GUXJ











LQIHFWLRQ SLZKHQ WKHVLJQVRIGLVHDVHZHUHHYLGHQW LQ
WKH70(9LQIHFWHGDQLPDOV7KHGXUDWLRQRIWKHWUHDWPHQW









&KHP $QQ $UERU 0, 86$ EHIRUH &%'%'6 WUHDWPHQW
$IWHUGD\VRIWUHDWPHQWWKHPRWRUDFWLYLW\ZDVHYDOXD






















































































SULPHUV DQG D UHYHUVH WUDQVFULSWLRQ NLW 3URPHJD %LRWHFK
,EpULFD 6/ 0DGULG 6SDLQ 3ULPHUV ZHUH WKH IROORZLQJ
71)ƴ VHQVH *$&7&&&&&&7&&*7&7$$* DQWLVHQVH
&*&$*7$$$*&&&$&*77*7 ,/Ƶ VHQVH 7**7*7*
7*$&*77&&&$77 DQWLVHQVH 7&&$77*$**7**$*$
*&777&,)1ƶVHQVH**&&$7&$*&$$&$$&$7$$*&*7
DQWLVHQVH 7***77*77*$&&7&$$$&77**& 6 VHQVH
$7*&7&77$*&7*$*7*7&&&* DQWLVHQVH $77&&7$





\HG XVLQJ WKH $SSOLHG %LRV\VWHPV 35,60  6HTXHQFH



















6DWLYH[OLNH FRPELQDWLRQ RI SK\WRFDQQDEL





FRPELQDWLRQ DQG ¨7+&%'6 DQG &%'%'6





VHSDUDWHO\ &%'%'6 PJNJ DQG ¨7+&
%'6 PJNJ RU DQ HTXLYDOHQW DPRXQW RI
YHKLFOH IRU  FRQVHFXWLYH GD\V 7KHQ PLFH
ZHUHH[DPLQHGDQGWKHPRWRUDFWLYLW\ZDVDV
VHVVHGXVLQJWKHDFWLYLW\FDJH$VH[SHFWHGLQ
WKH FKURQLF SKDVHRI WKHPRGHO 70(9 LQIHF
WLRQGUDPDWLFDOO\UHGXFHGERWKKRUL]RQWDODQG
YHUWLFDODFWLYLWLHV GDWDQRWVKRZQZKLOH6DWL
YH[OLNH FRPELQDWLRQ WUHDWPHQW VLJQLӾFDQWO\
LPSURYHG WKH PRWRU GHӾFLWV )LJ$ )URP D
FRPSDUDWLYH SRLQW RI YLHZ 6DWLYH[OLNH FRP
ELQDWLRQ DQG LQGLYLGXDOO\ &%'%'6 ZHUH WKH




















































































































)LJ 6DWLYH[OLNH FRPELQDWLRQ WUHDWPHQW VLJQLILFDQWO\
LPSURYHVPRWRUGHILFLWV LQ WKH FKURQLFSKDVHRI70(9
LQIHFWLRQ$6DWLYH[OLNHFRPELQDWLRQVLJQLILFDQWO\DWWHQXD
WHVPRWRUGHILFLWV LQKRUL]RQWDO DFWLYLW\ LQ WKH70(9,''




PHDVXUHGE\KRUL]RQWDO DFWLYLW\%:HREVHUYHG WKDW WKH















WUHDWPHQW UHFRYHU PRWRU DFWLYLW\ IXQFWLRQ LQ
70(9LQIHFWHGPLFH7UHDWPHQWVKDGQRHӽHFW
LQ6KDPDQLPDOVGDWDQRWVKRZQ
 7R GHWHUPLQH WKH UHFHSWRUV LQYROYHG














ZDVDEOH WR LQGXFHDSDUWLDOEORFNDGHRI WKH
VHHӽHFWV0RUHRYHU WKHDQWDJRQLVWRI33$5ƶ
UHFHSWRUV VLJQLӾFDQWO\ EORFNHG WKH EHQHӾFLDO







 6DWLYH[OLNH FRPELQDWLRQ UHGXFHV
OHXNRF\WH LQӾOWUDWLRQ LQ WKH VSLQDO FRUG RI
70(9LQIHFWHGDQLPDOV
 $VUHYHDOHGE\+	(VWDLQLQJ)LJWKH
LQIHFWLRQZLWK70(9 FDXVHG WKH LQӾOWUDWLRQRI
LPPXQHFHOOVLQWRWKHVSLQDOFRUG,QWKLVOLQH
6DWLYH[OLNH FRPELQDWLRQ WUHDWPHQW SDUWLDOO\
GHFUHDVHGWKHQXPEHURILQӾOWUDWHVLQWKHVSL
QDOFRUG7KHVHUHVXOWVVXJJHVWWKDWRQHRIWKH






 6DWLYH[OLNH FRPELQDWLRQ GHFUHDVHV





WKH HӽHFW RI 6DWLYH[OLNH FRPELQDWLRQ LQ WKH
LPPXQRKLVWRFKHPLFDO H[SUHVVLRQ RI ,ED D
PDUNHURIPLFURJOLDOFHOOVLQWKHVSLQDOFRUGRI
70(9LQIHFWHGPLFH)LJ7KHVWDLQLQJZLWK
,ED UHYHDOHG WKDW 70(9LQIHFWLRQ LQFUHD
VHGPLFURJOLDO UHDFWLYLW\ LQ WKH VSLQDO FRUG DW











VXJJHVW WKDW 6DWLYH[OLNH FRPELQDWLRQ FRXOG
EHDFWLQJDVDQ LQPXQRPRGXODWRUDJHQW OLPL
WLQJWKH LQӿDPPDWRU\SURFHVVHVWKDWRFFXU LQ
)LJ 6DWLYH[OLNH FRPELQDWLRQ WUHDWPHQW GRZQUHJXOD
WHVSURLQIODPPDWRU\F\WRNLQHV LQ WKHFKURQLFSKDVHRI
70(9,''6DWLYH[OLNHFRPELQDWLRQWUHDWPHQWGHFUHDVHG


















































































































 6DWLYH[OLNH FRPELQDWLRQ UHVWRUHV
P\HOLQPRUSKRORJ\DQGSUHYHQWVWKHD[RQDO
GDPDJHLQ70(9LQIHFWHGPLFH
 'HP\HOLQDWHG DUHDV GHWHFWHGE\ OX[RO
IDVW EOXH VWDLQLQJ ZHUH REVHUYHG LQ YHKLFOH
WUHDWHGLQIHFWHGPLFHDWWKHFKURQLFSKDVHVRI
70(9,'' +RZHYHU WKLV SDWKRORJLF KDOOPDUN
GLPLQLVKHGLQ70(9LQIHFWHGPLFHWUHDWHGZLWK
6DWLYH[OLNHFRPELQDWLRQDVLWSURPRWHGDSUR
QRXQFHG UHVWUXFWXULQJ RI P\HOLQ VKHDWKV )LJ
$
 7R IXUWKHU DVVHVV WKH SRWHQWLDO HӽHFW
RI6DWLYH[OLNHFRPELQDWLRQDVDQHXURSURWHF
WLYH DJHQW ZH HYDOXDWHG WKH D[RQDO GDPDJH
LQ70(9LQIHFWHGPLFHVXEMHFWHGWRYHKLFOHRU
6DWLYH[WUHDWPHQWXVLQJ1HXURӾODPHQW+VWDL
QLQJ  9HKLFOHWUHDWHG70(9LQIHFWHG DQLPDOV
VKRZHGFOHDUD[RQDOGDPDJHLQWKHZKLWHPDW







FDF\ WUHDWLQJ SURJUHVVLYH 06 &DQQDELQRLG
FRPSRXQGVDUHHӽHFWLYHDPHOLRUDWLQJ WKHVH
YHULW\ RI V\PSWRPDWRORJ\ LQ GLӽHUHQWPRGHOV
RIH[SHULPHQWDO067KHDSSURYDORIWKHRUR
PXFRVDO VSUD\ 6DWLYH[  UDWLR RI৫7+&
&%' LQVHYHUDOFRXQWULHVIRUWKHWUHDWPHQWRI
VSDVWLFLW\DQGQHXURSDWKLFSDLQLQ06SDWLHQWV








LQ LPSURYLQJ WKH PRWRU GHӾFLWV DVVRFLDWHG
ZLWKWKHGLVHDVH+LVWRSDWKRORJLFDODQDO\VLVRI
70(9LQIHFWHGPLFHWKDWUHFHLYHG6DWLYH[OLNH




LQӿDPPDWRU\ F\WRNLQHV DQG QHXURSURWHFWLYH


































UHODWHG VSDVWLFLW\ UHYLHZHG E\ .RHKOHU 
1RYRWQDHWDO:DGHHWDO&ROOLQ
HWDO6DVWUH*DUULJDHWDO*DUFtD
0HULQR HW DO +RZHYHU WKHUH LV D ODFN
RIVWXGLHVHYDOXDWLQJWKH6DWLYH[XVH LQSUR
JUHVVLYH06DVDGLVHDVHPRGLI\LQJGUXJ7KH
&83,' WULDO UHVXOWV UHFHQWO\SXEOLVKHG =DMLFHN
HWDOZKLFKWHVWHGGURQDELQRO৫7+&
DGPLQLVWUDWLRQLQSDWLHQWVZLWKSURJUHVVLYH06
GR QRW VKRZ HԀFDF\ LQ WHUPV RI VORZLQJ WKH
FRXUVHRIWKHGLVHDVH3RWHQWLDOFDXVHVIRUWKH
IDLOXUH RI WKH DERYH WKHUDS\ LQFOXGH WKH KLJK
DWWULWLRQUDWHDQGDORZHUUDWHRIGLVHDVHSUR
JUHVVLRQWKDQH[SHFWHG2XUVWXG\ LVWKHӾUVW
WR DGGUHVV WKH HӽHFW RI 6DWLYH[OLNH FRPEL











VHYHUDO DUWLFOHV VKRZLQJ WKH EHQHӾFLDO HӽHFWV
RIRQHRUERWKFRPSRXQGVLQ($(&5($(DQG




DOVR VKRZQ WR DPHOLRUDWH WUHPRU DQG VSDVWL
FLW\ LQ PLFH XVLQJ WKH FKURQLF UHODSVLQJ H[
SHULPHQWDO DOOHUJLF HQFHSKDORP\HOLWLV PRGHO
%DNHU HW DO ,Q RXU VWXG\¨7+&%'
6DPHOLRUDWHV70(9,''V\PSWRPDWRORJ\ZLWK
DPDLQSDUWLFLSDWLRQRI&%5EXWWKHEORFNDGH
RI &%5 SDUWLDOO\ SUHYHQW WKH EHQHӾWV HOLFLWHG
E\WKLVSK\WRFDQQDELQRLG&%5OLNHO\PHGLDWHG
WKHQHXURSURWHFWLYHHӽHFWVRI৫7+&DJDLQVW
H[FLWRWR[LFLW\ DV SLRQHHU VWXGLHV SRLQWHG RXW
WKHLPSRUWDQFHRI&%50DUVLFDQRHWDO
DQGH[FLWRWR[LFLW\PHFKDQLVPVDUHLQYROYHGLQ
70(9,'' 'RFDJQH HW DO ,Q DGGLWLRQ
RXUӾQGLQJVDUHLQDJUHHPHQWZLWKDSUHYLRXV
VWXG\LQZKLFK৫7+&VXSSUHVV&16DXWRLP
PXQH LQӿDPPDWLRQ WKURXJK WKH SDUWLFLSDWLRQ
RI&%5DQG&%50DUHV]HWDO
 'LPLQLVKHG V\PSWRPDWRORJ\ VHYHUL
W\ E\ &%' WUHDWPHQW KDYH EHHQ GHPRQVWUD
WHG LQ ERWK H[SHULPHQWDO PRGHOV RI 06 ($(




FURJOLDO DFWLYDWLRQ IROORZLQJ V\VWHPLF PJNJ
&%' WUHDWPHQW 2XU ӾQGLQJV GLӽHU IURP WKH
UHVXOWVRIRQHVWXG\0DUHV]HWDOWKDW
VKRZHG D ODFN RI HӽHFW RI &%' LQ WKH&5($(
PRGHORI06'LӽHUHQFHVLQWKHVWUDLQRIPLFH
&%/ DQG $%+ PLFH DQG RU WKH DQWLJHQ









































WUHDWHGZLWK YHKLFOH VKRZD FOHDUGLVUXSWLRQ
RIP\HOLQDQG6DWLYH[OLNHFRPELQDWLRQPJ
NJ WUHDWPHQW FRQWULEXWHG WR PDLQWDLQ WKH
P\HOLQ VWUXFWXUH $ DUURZV VKRZV P\HOLQ
VKHDWKV % 5HSUHVHQWDWLYH LPDJHV RI 1HX


















SURSHUWLHV 0DOIDLW HW DO .R]HOD HW DO
0HFKDHWDODQG LVDOVRDQDQWLR[LGDQW
DJHQW VKRZLQJ DQ DWWUDFWLYH QHXURSURWHFWLYH
SURӾOH6DJUHGRHWDOUHYE\)HUQiQGH]
5XL] HW DO KRZHYHU LWV SKDUPDFRORJ\
LV QRW ZHOO GHӾQHG0RVW HYLGHQFH VKRZ WKDW
&%'LVQRWDFWLQJGLUHFWO\WKURXJKFDQQDELQRLG




HWDODQG WKHUHIRUH LQFUHDVLQJ WKHHQ
GRFDQQDELQRLGWRQH2WKHUWDUJHWVIRU&%'DF
WLRQVLQFOXGH+7$UHFHSWRUV0DJHQHWDO
 (VSHMR3RUUDV HW DO  DGHQRVLQ
$ UHFHSWRUV &DVWLOOR HW DO  &DUULHU HW
DO0HFKDHWDO WKHHQGRSODVPLF
UHWLFXOXP VWUHVV LQ LWV DELOLW\ WR SURWHFW ROL
JRGHQGURF\WH SURJHQLWRUV 23&V IURP LQӿD
PPDWRU\GDPDJH 0HFKDHW DORUQX
FOHDU UHFHSWRUVRI WKH33$5ƶ IDPLO\ VXFKDV





FOHDUO\ LQGLFDWLQJ WKHSDUWLFLSDWLRQRI WKHQX
FOHDU UHFHSWRUV LQ WKHEHQHӾWVRI&%'%'6 LQ
WKLVPRGHORISULPDU\SURJUHVVLYH067KLV LV




6DWLYH[OLNH FRPELQDWLRQ ¨7+&%'6 DQG
&%'%'6 LPSURYH QHXURORJLFDO GHӾFLWV DW WKH







VLRQ RI SURLQӿDPPDWRU\ F\WRNLQHV0RUHRYHU
6DWLYH[OLNH FRPELQDWLRQ GLPLQLVKHV D[RQDO
GDPDJH DQG UHVWRUHVP\HOLQPRUSKRORJ\ VX
JJHVWLQJ WKDW 6DWLYH[OLNH FRPELQDWLRQH[HUWV
QHXURSURWHFWLYH HӽHFWV 7KH SUHVHQW ӾQGLQJV
PD\ KHOS WR GHYHORS FOLQLFDO WKHUDSHXWLFV LQ
SURJUHVVLYH06
$FNQRZOHGJHPHQWV 7KLV ZRUN KDV EHHQ VXSSRUWHG E\
JUDQWVIURPWKH0LQLVWU\RIWKH(FRQRP\DQG&RPSHWLWLRQ
0,1(&2 6$) &* &RPXQLGDG GH 0DGULG
&$0 6%0'5HG (VSDxRODGH (VFOHURVLV0~O
WLSOH5((05'&*VSRQVRUHGE\WKH)RQGR
GH ,QYHVWLJDFLyQ VDQLWDULD ),6 *: 3KDUPDFHXWLFDOV /WG
SURYLGHWKHFRPELQDWLRQRISK\WRFDQQDELQRLGV7KHIXQGHUV
KDGQR UROH LQ VWXG\GHVLJQ GDWD FROOHFWLRQ DQGDQDO\VLV
GHFLVLRQWRSXEOLVKRUSUHSDUDWLRQRIWKHPDQXVFULSW
5HIHUHQFHV
$UpYDOR0DUWtQ $ 9HOD -0 0ROLQD+ROJDGR ( %RUUHOO -
*XD]D &  7KHUDSHXWLF DFWLRQ RI FDQQDELQRLGV LQ D







PDQ -: /D\ZDUG / &DQQDELQRLGV FRQWURO WUHPRU
DQG VSDVWLFLW\ LQ DPXOWLSOH VFOHURVLVPRGHO 1DWXUH 













FHOOV VXSSUHVVRU FHOOV DӽHFW LPPXQH UHVSRQVH GXULQJ
7KHLOHU·V YLUXV LQGXFHGGHP\HOLQDWLQJGLVHDVH - ,PPXQRO

&DUULHU(-$XFKDPS-$+LOODUG&-,QKLELWLRQRIDQ














5DQGRPL]HG FRQWUROOHG WULDO RI FDQQDELVEDVHGPHGLFLQH
LQVSDVWLFLW\FDXVHGE\PXOWLSOHVFOHURVLV(XU-1HXURO

&RPSVWRQ $ &ROHV $  0XOWLSOH VFOHURVLV /DQFHW

&UR[IRUG-/0LOOHU6',PPXQRUHJXODWLRQRIDYLUDO











)LOLSSLV ' &LSULDQR0 &DUUDW~05 ,XYRQH 7 6WHDUGR /
 &DQQDELGLRO UHGXFHV $ELQGXFHG QHXURLQӿDPPD
WLRQ DQG SURPRWHV KLSSRFDPSDO QHXURJHQHVLV WKURXJK
33$5aLQYROYHPHQW3/R62QHH






/DJR (  7KH HQGRFDQQDELQRLG V\VWHP DV D WDUJHW
IRU WKH WUHDWPHQWRIQHXURQDOGDPDJH ([SHUW2SLQ7KHU
7DUJHWV
)HUQiQGH]5XL]-6DJUHGR23D]RV05*DUFtD5*3HUW
ZHH50HFKRXODP50DUWLQH]2UJDGR -  &DQQD
ELGLRO IRU QHXURGHJHQHUDWLYH GLVRUGHUV LPSRUWDQW QHZ
FOLQLFDO DSSOLFDWLRQV IRU WKLV SK\WRFDQQDELQRLG %U - &OLQ
3KDUPDFRO
*yPH] 2 $UHYDOR0DUWLQ $ *DUFLD2YHMHUR ' 2UWHJD
*XWLHUUH] 6 &LVQHURV -$$OPD]DQ* 6iQFKH]5RGULJXH]








WRQ&*LRYDQQRQL*  (YDOXDWLRQRI WKH HӽHFWVRI












.RHKOHU - :KR EHQHӾWV PRVW IURP 7+&&%'




&DQQDELGLRO LQKLELWV SDWKRJHQLF 7 FHOOV GHFUHDVHV VSLQDO












































0HFKD 0 7RUUDR $6 0HVWUH / &DUULOOR6DOLQDV )- 0H
FKRXODP5 *XD]D &  &DQQDELGLRO SURWHFWV ROLJR
GHQGURF\WH SURJHQLWRU FHOOV IURP LQӿDPPDWLRQLQGXFHG






























































































ELQRLGV LV QHXURSURWHFWLYH LQPDORQDWHOHVLRQHG UDWV DQ
LQӿDPPDWRU\PRGHORI+XQJWLQWRQ·VGLVHDVH5ROHRI&%
DQG&%UHFHSWRUV$&6&KHP1HXURVFL











VH RI QHXURORJLFDO GHFOLQH LQ \RXQJ







VLYH +RZHYHU 06 SDWLHQWV IUHTXHQWO\
VHOIPHGLFDWH ZLWK FDQQDELV WR DOOH
YLDWHSDLQVSDVWLFLW\VOHHSGLVWXUEDQ
FHDQGRWKHU06V\PSWRPVIRUUHYLHZ
VHH &RQVURH HW DO  3HUWZHH
 7KLV DQHFGRWDO HYLGHQFH KDV




QDOLQJ V\VWHP (&6 RӽHU D SURPLVLQJ
IRUPRIWKHUDS\IRU06WKDWFRYHUVWKH
WUHDWPHQW RI VSHFLӾF V\PSWRPV HJ
VSDVWLFLW\ SDLQ VHH 5RJ  IRU
UHYLHZ EXW WKDW PLJKW EH H[WHQGHG
LQ WKH IXWXUH WR WKH FRQWURO RI GLVHD
VHSURJUHVVLRQUHYLHZHGLQGH/DJRHW
DO








































(OMDVFKHZLWVFK HW DO  O\PSKR
F\WHV DQG &6) VDPSOHV &HQWRQ]H HW
DORU LQSODVPDRI06SDWLHQWV
-HDQ*LOOHV HW DO  LQ FRQFRU
GDQFHZLWKWKHLQFUHDVHGOHYHOVRI$($




QDELQRLG OHYHOV LQ WKH &6) RI 06 SD
WLHQWV GXULQJ UHODSVLQJ SHULRGV RI WKH
GLVHDVH FRPSDUHG WRFRQWURO VXEMHFWV
'L )LOLSSR HW DO  7KHVH FKDQ
JHVUHSRUWHGIRUWKH(&6LQSDWLHQWVDQG





WUDWHG WKDW FDQQDELQRLGV FDQ DOOHYLD
WH 06 DVVRFLDWHG V\PSWRPV VXFK DV
VSDVWLFLW\ %DNHUHWDODQGH[
KLELWHG DQWLLQӿDPPDWRU\ DQWLR[L
GDQW DQWLH[FLWRWR[LF DQG QHXURSUR
WHFWLYH SURSHUWLHV $UpYDOR0DUWtQ HW
DO  GH /DJR HW DO  /RUtD
HW DO  3U\FH HW DO  6DWL
YH[DQRURPXFRVDOVSUD\UDWLRRI




QLFDO WULDOV 6DWLYH[ SURYLGH UHOLHI RI
VSDVWLFLW\V\PSWRPVVKRZLQJFOLQLFDOO\










PXQH UHVSRQVHV GXULQJ QHXURLQӿDP
PDWRU\SURFHVVHVDVRFFXUVLQ06DQG




([SHULPHQWDO HYLGHQFH IRU D QHXUR
SURWHFWLYH HӽHFW RI 6DWLYH[ KDV EHHQ
UHFHQWO\UHSRUWHGLQLQӿDPPDWRU\PR
GHOV RI +XQWLQJWRQ GLVHDVH 9DOGHR










GHOV WKDW EHWWHU UHSUHVHQW SURJUHVVLYH
06 WR FRQWLQXH LQYHVWLJDWLQJ ZKHWKHU
FDQQDELQRLGVPLJKWFKDQJHWKHGLVHDVH
FRXUVHRISURJUHVVLYH06
 7KH H[SHULPHQWDO DXWRLPPXQH




$IWHU LPPXQL]DWLRQ ZLWK D SRUWLRQ RI
WKH P\HOLQ ROLJRGHQGURF\WH JO\FRSUR
WHLQ 02* WKH EORRGEUDLQ EDUULHU
%%% EHFRPHV SHUPHDEOH WR DXWR
UHDFWLYH O\PSKRF\WHVDQGVHYHUDOGD\V




 ,Q WKH SUHVHQW VWXG\ ZH LQYHV






QDELQRLGV ZLWK D  FRPELQDWLRQ RI
৫7+&%'6 PJNJ DQG&%'%'6
 PJNJ DV D GLVHDVHPRGLI\LQJ
WKHUDS\LQFKURQLFSURJUHVVLYH($(LQ
GXFHG PLFH E\ LQRFXODWLRQ RI P\HOLQ
ROLJRGHQGURF\WH JO\FRSURWHLQ 02*
7KH WUHDWPHQW ZLWK WKH 6DWLYH[OLNH
FRPELQDWLRQ    ৫7+&%'6RU&%'
%'6RQ02*LPPXQL]HGPLFHGHOD\HG
V\PSWRPV RQVHW ,Q WKH ($( DӽHFWHG
PLFH 6DWLYH[OLNH FRPELQDWLRQ DQG
৫7+&%'6 WUHDWHG DQLPDOV VKRZHG
EHWWHUQHXURORJLFDOVFRUHZKHUHDV&%'
WUHDWHG DQLPDOV VKRZHG QR LPSURYH
PHQWFRPSDUHGWRYHKLFOHWUHDWHGPLFH
7KHWUHDWPHQWZLWK6DWLYH[OLNHFRPEL
QDWLRQ RU ৫7+&%'6 UHGXFHG FHOOX
ODULQӾOWUDWHVLQWKHVSLQDOFRUGRI($(
PLFH 2XU UHVXOWV VXJJHVW EHQHӾFLDO






(XURSHDQ UHJXODWLRQV IRU H[SHULPHQWDO ZRUN
ZLWKDQLPDOVGLUHFWLYH((&ZHHN
ROG)HPDOH&%/PLFHZHUHSXUFKDVHGIURP
+DUODQ /DERUDWRULHV %DUFHORQD 6SDLQ DQG
KRXVHGLQRXUDQLPDOIDFLOLWLHVZLWKFRQWUROOHG
SKRWRSHULRG  K OLJKWGDUN F\FOH WHPSH
UDWXUH   & DQG UHODWLYH KXPLGLW\ 
 7KH\ KDG IUHH DFFHVV WR VWDQGDUG IRRG
DQGZDWHU($(ZDVLQGXFHGXVLQJWKHPHWKRG
SXEOLVKHGE\0HQGHOHWDO%ULHӿ\PLFH
ZHUH LQMHFWHG LQ HDFK ӿDQNZLWK DQ HPXOVLRQ
FRQWDLQLQJ  PJ RI WKH  SRUWLRQ RI
02* $GYDQFHG %LRWHFKQRORJ\ &HQWUH ,PSH
ULDO&ROOHJH/RQGRQ8.DQGPJPORI0\
FREDFWHULXP WXEHUFXORVLV +5$ ',)&2 /DE
'HWURLW0,86$ LQDPL[ZLWK LQFRPSOH















DURXQG GD\  DIWHU LQRFXODWLRQ VKRZLQJ
DZRUVHQLQJSDWWHUQFRPSDUHGWRFRQWURODQL
PDOVLQRFXODWHGZLWK&)$VHH)LJWKDWSUR
JUHVV XS WR GD\  SRVWLQRFXODWLRQ $W WKH
WLPH SRLQWZHUH ӾUVW V\PSWRPV DSSHDUPLFH
ZHUHGDLO\LQMHFWHGZLWKD6DWLYH[OLNHFRPEL
QDWLRQ  ৫7+&%'6&%'%'6 PJNJ
ZHLJKW HDFK *: 3KDUPDFHXWLFDOV /WG 8. RU




VHOHFWLYH &%5 DQWDJRQLVW 65  PJ
NJZHLJKWNLQGO\SURYLGHGE\6DQRӾ$YHQWLV
0RQW SHOOLHU )UDQFH RU WKH 33$5ƶ LQKLELWRU
7 PJNJ ZHLJKW SXUFKDVHG IURP





HYDOXDWHG WKH QHXURORJLFDO VWDWXV RI DOO DQL





VWRUHG DW  &XQWLO XVHG IRU DQDO\VLV Q 
VXEMHFWVSHUH[SHULPHQWDOJURXS,QDIHZ







DW WKH OXPEDU OHYHO WRREWDLQFRURQDOVHFWLRQV






























,Q WKLV VWXG\ ZH XVHG PLFH WUHDWHG
ZLWK02*WKDWJHQHUDWHVDSURJUHVVLYH
SDWWHUQRI($(LQGXFWLRQZLWKQHXUROR
JLFDO GLVDELOLWLHV WKDW VWDUW DW  GD\V
SRVWLQRFXODWLRQ DQG SURJUHVV GXULQJ

















EHU RI FHOO LQӾOWUDWHV LQ WKH VSLQDO
FRUG RI ($( PLFH DQG ৫7+&%'6
GLPLQLVKHV&2;DFWLYDWLRQ
6SLQDO FRUG VHFWLRQV RI 02*LQGXFHG
($( VKRZ WKHSUHVHQFHRI FHOO DJJUH
JDWHVSUHVXPDEO\IRUPHGE\LQӾOWUDWHG
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JHV LQ WKH ZKLWH PDWWHU DV VHHQ ZLWK
1LVVOVWDLQLQJV,QSUHYLRXVVWXGLHVVHH
GH/DJRHWDOZHGHPRQVWUDWHG
WKDW WKHVH DJJUHJDWHV DUHPDLQO\ IRU
PHG E\ DFWLYDWHGPLFURJOLDO FHOOV DQG
DQGUHFUXLWHGSHULSKHUDOPDFURSKDJHV
7KHVH DJJUHJDWHV DUH UHGXFHG LQ WKH
($(PLFH WUHDWHGZLWK HLWKHU৫7+&
%'6 RU 6DWLYH[OLNH FRPELQDWLRQ ӾJ
 +RZHYHU WKHUH LV QR UHGXFWLRQ LQ
WKHSUHVHQFHRIDJJUHJDWHVLQWKH($(
PLFH WUHDWHGZLWK %6&%'7KLV UHVXOW
VXJJHVWV WKDW 6DWLYH[OLNH FRPELQD
WLRQ WUHDWPHQW UHVWULFWV WKH LQӾOWUDWLRQ












RI WKH 6DWLYH[OLNH FRPELQDWLRQ ZHUH
GXHWR৫7+&%'6DFWLYDWLRQRI&%5
DQGQRWE\DFWLQJWKURXJKRWKHUDQWL
LQӿDPPDWRU\ WDUJHWV ZH SHUIRUPHG
D VHFRQG VHW RI H[SHULPHQWV XVLQJ
VHOHFWLYH DQWDJRQLVWV ,Q WKLV H[SHUL
PHQW ZH WUHDWHG 02*LQGXFHG ($(
PLFHZLWK DQ LS LQMHFWLRQ HLWKHUZLWK
WKH&%5DQWDJRQLVWULPRQDEDQWRUWKH
33$5ƶLQKLELWRU7PLQSULRU
WR ৫7+&%'6 LQMHFWLRQ 5LPRQDEDQW
FRPSOHWHO\ EORFNHG WKH HӽHFW RI ৫































DW V\PSWRP RQVHW +LVWRSDWKRORJLFDO
VWXGLHVRIVSLQDOFRUGVHFWLRQVVKRZHG
WKDW WKH WUHDWPHQW ZLWK ৫7+&%'6





PLFH 5LPRQDEDQW FRPSOHWHO\ EORFNHG
WKH HӽHFW RI WKH WUHDWPHQW ZLWK ৫
7+&%'6
7KHVH UHVXOWV FRQӾUP WKH HӽHFW RI
SK\WRFDQQDELQRLGV LQ WKH PRGXODWLRQ
RIWKHSURJUHVVLRQRI067KHӾUVWHYL
GHQFH ZDV SXEOLVKHG LQ  ZKHUH
৫7+&UHGXFHG LQӿDPPDWLRQFOLQLFD
OO\ DQGKLVWRSDWKRORJLFDOO\ LQ ($( UDWV
/\PDQ HW DO  ৫7+& UHGXFHV
VSDVWLFLW\ DQG WUHPRU LQ FKURQLF UH
ODSVLQJ($(%DNHUHWDO,QRXU
KDQGV৫7+&%'6DOVRGHOD\WKHQHX
URORJLFDO GHFOLQH SUHVHQW LQ ($(PLFH
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a b s t r a c t
NSC-34 cells, a hybridoma cell line derived from the fusion of neuroblastoma cells with mice spinal cord
cells, have beenwidely used as an in vitromodel for the study of motor neuron diseases [i.e. amyotrophic
lateral sclerosis (ALS)]. In the present study, they were used to characterize different elements of the
cannabinoid signaling system, which have been reported to serve as targets for the neuroprotective
action of different natural and synthetic cannabinoid compounds. Using RT-PCR, Western blotting and
immunocytochemistry, we first identified the presence of the cannabinoid CB1 receptor in these cells. As
expected, CB2 receptor is not expressed in this neuronal cell line, a result that is concordant with the idea
that this receptor type is preferentially expressed in glial elements. Diacylglycerol-lipase (DAGL) and
N-arachidonoylphosphatidylethanolamine-phospholipase D (NAPE-PLD), the enzymes that synthesize
endocannabinoids, have also been detected in these cells using RT-PCR, and the same happenedwith the
endocannabinoid-degrading enzymes fatty acid amide hydrolase (FAAH) and monoacylglycerol-lipase
(MAGL). The presence of the CB1 receptor in these cells supports the idea that this receptormayplay a role
in the regulationof cellular survival face to excitotoxic injury. Interestingly, the expressionof CB1 receptor
(and also the FAAH enzyme) was strongly up-regulated after differentiation of these cells, as previously
reported with glutamate receptors. No changes were found for NAPE-PLD, DAGL and MAGL. Assuming
that glutamate toxicity is one of the major causes of neuronal damage in ALS and other motor neurons
diseases, the differentiated NSC-34 cellsmight serve as a usefulmodel for studying neuroprotectionwith
cannabinoids in conditions of excitotoxic injury, mitochondrial malfunctioning and oxidative stress.
© 2011 Elsevier Ireland Ltd. All rights reserved.
1. Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenera-
tive disorder characterized by the selective loss of motor neurons
in the spinal cord, brainstem, and motor cortex [19]. ALS exists
in two forms, familial ALS (only 5% of cases) and sporadic ALS
(mostof cases) [4]. Completepathogenic causesofALSarepresently
Abbreviations: ALS, amyotrophic lateral sclerosis; CB1 receptor, cannabi-
noid receptor type 1; CB2 receptor, cannabinoid receptor type 2; DAGL,
diacylglycerol-lipase; FAAH, fatty acid amide hydrolase; MAGL, monoacylglycerol-
lipase; NAPE-PLD, N-arachidonoylphosphatidylethanolamine-phospholipase D;
SOD-1, superoxide dismutase-1.
∗ Corresponding author at: Department of Biochemistry and Molecular Biology,
Faculty of Medicine, Complutense University, 28040 Madrid, Spain.
Tel.: +34 91 3941450; fax: +34 91 3941691.
E-mail addresses: jjfr@med.ucm.es, elagofem@med.ucm.es (E. de Lago).
1 Both these authors share the senior authorship.
unknown but several mechanisms have been suggested and these
include excitotoxicity, chronic inflammation, oxidative damage
and protein aggregation [4,9,17]. For example, several studies have
identified changes in the function of glutamate transporters that
have been associated with the initiation of the disease (reviewed
in [9]). High amounts of activated microglia have been found in
those brain regions that are affected in ALS patients [21]. Lastly,
genetic studies have identified several mutations in the copper-
zinc superoxide dismutase (SOD-1), a key antioxidant enzyme, in
approximately 20% cases of familial ALS [16], being pathological
through a gain-of-neurotoxic function. However, other mutated
genes, i.e. TDP-43 and FUS, have also been recently identified and
related to the disease and to mechanisms other than oxidative
injury, leading to a novel molecular exclusive classification of ALS
cases (reviewed in [13]).
Despite the intensive research conducted in the last years, an
effective treatment for this disease remains elusive, with Rilutek®
as the only licenced medicine [11]. Recent evidence points that
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cannabinoids may be beneficial as neuroprotectant agents in ALS
(reviewed in [3]). Cannabinoids include some active ingredients
present in Cannabis sativa (termed phytocannabinoids), various
intercellular signaling lipids (so-called endocannabinoids) and dif-
ferent synthetic molecules. Their neuroprotective properties have
been studied in different neurodegenerative disorders and would
be based on their ability to decrease excitotoxicity, microglial acti-
vation, neuroinflammation and oxidative stress (see [8] for a recent
review), then becoming an interesting therapeutic option in ALS
too. In fact, the administration of !9-tetrahydrocannabinol was
effective in delaying motor impairment and prolonging survival in
the SOD-1 (G93A transgenic mice) mouse model of ALS [14]. Sim-
ilar results were reported with cannabinol, a less psychotrophic
plant-derived cannabinoid [22], with the synthetic cannabinoid
WIN55,212-2 [2], orwith the selective CB2 agonist AM1241 [12,18].
In parallel, genetic ablation of fatty acid amide hydrolase (FAAH)
enzyme leading to elevated levels of endocannabinoids also pre-
vented the appearance of disease signs in SOD1 mutant mice [2],
whereas genetic ablation of the CB1 receptor had no effect on the
onset of the disease in this model [2]. Taken together, these results
show that cannabinoids might have neuroprotective effects in ALS
mediated by the combination of different mechanisms. In part,
these mechanisms might be related to the cannabinoid receptor-
independent antioxidant properties of certain cannabinoids, but
the data obtained with WIN55,212-2 [2], which is not antioxidant,
aswell asusingFAAHdeficientmice [2]or treatmentswith selective
CB2 receptor agonists [12,18], suggest an additional contribution
of this cannabinoid receptor type associated with the important
role of glial elements in this disease [17,21]. An important aspect
of these previous pharmacological studies is that they were con-
ducted in absence of data on the changes that the development of
ALS causes in the receptors and enzymes for endocannabinoids,
which may be an important factor to determine the efficacy of
potential cannabinoid treatments. Only a couple of studies have
explored this issue and described elevated levels of CB2 receptors
inmicroglia from post-mortem human spinal cords of ALS patients
[25] or elevated levels of endocannabinoids in the spinal cord of
SOD-1 mutant mice [23].
In the present study, we used NSC-34 cells, a hybridoma cell
linederived fromthe fusionofneuroblastomacellswithmice spinal
cord cells [5]. These cells have beenwidely used as an in vitromodel
for the study of ALS and other disorders affecting motor neurons,
in particular after they become differentiated by serum depletion
[7]. Both non-differentiated and differentiated cells have been used
for the evaluation of the effects of potential neuroprotective com-
pounds against different insults (i.e. excitotoxins, mitochondrial
toxins, oxidants, etc.) affecting cell survival [7,10,15,20,24]. We
plan to use these cells for evaluating the effects of various types of
cannabinoid compounds that have shown neuroprotective effects
in other disorders. However, before these studies, we wanted to
identify and analyze, using RT-PCR,Western blotting and immuno-
cytochemistry, the presence in these cells of those elements of the
cannabinoid signaling system (receptors and enzymes) that have
been reported to serve as targets for the neuroprotective action of
different natural and synthetic cannabinoid compounds.
2. Materials and methods
2.1. Cell culture
NSC-34 cells (purchased from Cedarlane Laboratories Ltd., Ontario, Canada)
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum, 2mM ultra-glutamine and 1% penicillin/streptomycin
(LONZA, Verviers, Belgium), and under a humidified 5% CO2 atmosphere at 37 ◦C. To
slow the proliferation of these cells and enhance their maturation towards a differ-
entiated state, they were grown in amedium containing 1:1 DMEMplus Ham’s F12,
1% fetal bovine serum, 1% penicillin/streptomycin, and 1%modified Eagle’s medium
with non-essential amino acids (Sigma–Aldrich, St. Louis, MO, USA), as previously
described [7]. For each experiment, cells were seeded at 2×104 cells/mm2.
2.2. Immunocytochemistry
Cells were grown in 24-well laminin-coated plates (200,000 cells per well)
overnight, then fixed in cold 4% paraformaldehyde for 30min at 4 ◦C and perme-
abilized in 1:1 methanol–acetone. Cells were incubated overnight at 4 ◦C with the
primary antibodies anti-CB1 (1:400, Pierce Biotechnology, Rockford, IL, USA) or anti-
SMI-312 (1:1000, Covance, Emerville, CA, USA). The secondary antibody was added
for 2h at 37 ◦C (Alexa Fluor® 488 donkey anti-rabbit IgG; Invitrogen Corp., Life Tech-
nologies, Madrid, Spain). Hoechst stainingwas also used for the identification of cell
nuclei. A Leica DM-IL microscope and a Leica DFC-300FX camera were used for well
observation and photography.
2.3. Western blotting
Cells were lysed in ice-cold RIPA buffer and subjected to centrifugation at
40,000× g for 30min at 4 ◦C. Proteins for each extract were electrophoresed in
SDS-PAGE. Precision Plus ProteinTM Standards (Bio-Rad Laboratories,Madrid, Spain)
were included on each gel. Proteins were then electroblotted onto PVDF mem-
branes (GE Healthcare UK Ltd., Buckinghamshire, UK). The resulting blot was
incubated with an antibody anti-CB1 (1:400, Pierce Biotechnology, Rockford, IL,
USA) during 2h at room temperature in blocking buffer. Finally, blots were incu-
bated with monoclonal anti-rabbit Ig peroxidase conjugate (1:2500; GE Healthcare
UK Ltd., Buckinghamshire, UK) for 1h at room temperature and revealed with
Amersham ECLTM Western Blotting Detection Reagents (GE Healthcare UK Ltd.,
Buckinghamshire, UK).
2.4. Reverse transcription (RT) and real-time polymerase chain reaction (PCR)
mRNA (1!g) was reverse transcribed into cDNA using the QuantiTect®
reverse transcription kit (Qiagen) with poly-dT primers. For the genes
used in this study (CB1, CB2, DAGL, NAPE, FAAH) we used specific Taq-
Man gene expression assays (Cnr2, NM 009924.3; Cnr1, NM 007726.3; DAGL,
Fig. 1. PCR analysis of CB1 and CB2 receptor gene expression in non-differentiated
and differentiated (after 2 or 4 weeks) NSC-34 cells (panel A; NC=negative con-
trol). Quantitative RT-PCR analysis of gene expression for the CB1 receptor in
non-differentiated versus differentiated (after 4 weeks) (panel B). Values represent
means± SEMofmore than 5 different groups of cells and are expressed as % over the
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Fig. 2. Immunostaining for CB1 receptors (panels B) and SMI-312 (panels C) against Hoechst staining in non-differentiated NSC-34 cells. Panel A contains a phase-contrast
microphotograph of the area used for immunostainings. Non-differentiated cells present an immature form characterized by a rounded morphology, a small size and a few
and short neuronal processes, as reported by Eggett et al. [7]. See details in the text. Magnification was always 40×.
Mm 008138300 m1; NAPE, Mm 00724591 m1; FAAH, Mm 00515684 m1; Applied
Biosystems, Life Technologies, Madrid, Spain) or synthetic primers (MAGL, forward:
5′-CAGAGAGGCCAACCTACTTTTC-3′; reverse: 5′-ATGCGCCCCAAGGTCATATTT-3′).
Each sample was assayed at least in duplicate and a 6-point standard curve was run
in parallel. To ensure the absence of genomic DNA contamination, a control sample
of non-reverse-transcribed RNA was run for each set of RNA extractions. Relative
quantification was obtained by calculating the ratio between the values obtained
for each gene of interest and the housekeeping gene GAPDH or 18 s. Results are
expressed as a percentage of control condition.
2.5. Data analysis
All data were assessed by Student’s t-test using the GraphPad software (version
4.0).
3. Results
We have first identified the presence of the cannabinoid CB1
receptor in NSC-34 cells. This has been observed by using PCR
(Fig. 1) and immunocytochemistry (Fig. 2), and even checked out
by western blotting (data not shown). The presence of CB1 recep-
tors was evident not only in non-differentiated cells (Figs. 1 and 2)
but also when these cells become differentiated after 2 (Fig. 1)
or 4 weeks (Figs. 1 and 3) of being cultured with an appropriate
medium. In both cases, immunostaining with the neurofilament
protein SMI-312was used as control for cell specificity, and, in both
cases CB1 and SMI-312 immunostaining was found in the same
cells (Figs. 2 and 3). Details of the morphological characteristics of
both types of cells can be found in the legends of Figs. 2 and 3. We
also quantified the CB1 receptor expression in non-differentiated
and differentiated cells by using RT-PCR and found a significant
up-regulation (5-fold) in differentiated cells (Fig. 1), similar to data
described by Eggett et al. [7]with ionotropic andmetabotropic glu-
tamate receptors whose expression was strongly promoted after
cell differentiation.
In contrast with CB1 receptor, CB2 receptor expression was
not found in this neuronal cell line (Fig. 1) and it was not
affected by cell differentiation (data not shown). This fact is
concordant with the idea that this receptor type is preferen-
tially expressed in glial elements [8]. However, other elements
of the cannabinoid signaling system, as the enzymes that syn-
thesize endocannabinoids, DAGL and NAPE-PLD, were found in
non-differentiated cells using RT-PCR but their expression was not
altered after cell differentiation (Fig. 4). Lastly, mRNA levels for the
endocannabinoid-degrading enzymes FAAH and MAGL were also
measurable innon-differentiatedcells. Interestingly, cell differenti-
ation did produce a significant up-regulation (2-fold) in FAAHwith
no changes in MAGL (Fig. 4).
&DQQDELQRLGVDVGLVHDVHPRGLıHUVLQ06DQG$/6

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Fig. 3. Immunostaining forCB1 receptors (left panelB)or SMI-312 (rightpanelB) againstHoechst staining indifferentiated (after4weeks)NSC-34cells. PanelsAcontainphase-
contrast microphotographs of the area used for immunostainings. In contrast with non-differentiated cells, differentiated ones present a different morphology characterized
by the formation of numerous and longer neuronal processes. See details in the text. Magnification was always 40×.
4. Discussion
NSC-34 cells were generated as a hybridoma cell line derived
from the fusion of neuroblastoma cells with mice spinal cord cells
[5]. They express many morphological and physiological char-
acteristics of primary motor neurons, i.e. extension of neurites,
generation of action potentials, activity of choline acetyltrans-
ferase (it allows acetylcholine synthesis), acetylcholine storage and
release, expression of neurofilament triplet proteins, and synapse
formationwithmyotubes [5,7], which enable these cells to be used
as an in vitromodel of neurotoxicity [6] useful for the study of those
pathologies directly or indirectly affecting the motor neuron, i.e.
multiple sclerosis [15], spinal injury [10,24] and, in particular, ALS
[7,20]. Several compounds that showed capability to enhance cell
survival against several chemicals known to be toxic to these cells
maybe further testedwithpositive results in in vivomodels of these
diseases (see [1] for review).
We are interested in using these cells for evaluating the effects
of various types of cannabinoid compounds that have shown neu-
roprotective effects in other disorders (reviewed in [8]). However,
before that, we wanted to identify whether these cells contain
those elements of the cannabinoid signaling system that have
been reported to serve as targets for the neuroprotective action
of different natural and synthetic cannabinoid compounds, as well
as to analyze their levels. Our results demonstrate that these
cells contain the CB1 receptor in concordance with the prefer-
ential location of this receptor in neuronal elements. This fact
was demonstrated using different methodological strategies, i.e.
using RT-PCR, immunocytochemistry, and also western blotting.
Accordingly, these cells do not contain the other major cannabi-
noid receptor type, CB2, which is characteristic of glial rather than
neuronal elements [8]. In previous studies aimed at demonstrat-
ing the role of both receptors in neuroprotective properties of
cannabinoids, CB1 receptors have been preferentially related to
the control of excitotoxic damage given their well-known loca-
tion in presynaptic terminals of glutamatergic neurons and their
inhibitory effects on glutamate release [8]. By contrast, CB2 recep-
tors have been involved preferentially in the control of glial-related
processes as the generation of different types of compounds active
on inflammatory states [8]. This difference, as well as the fact that
the expression of CB1 receptor (and also the FAAH enzyme; see
below)was stronglyup-regulated after differentiationof these cells
bymodification of growth conditions (i.e. serum depletion), as pre-
viously reported that happens with different markers of glutamate
transmission (i.e. ionotropic and metabotropic receptors [7]), sup-
port the idea that CB1 receptors may be beneficial against the
damage of these cells when they are subjected to conditions of
excitotoxic injury, particularly in the case of differentiated cells.
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Fig. 4. Quantitative RT-PCR analysis of gene expression for the enzymes FAAH, MAGL, NAPE-PLD and DAGL in non-differentiated versus differentiated (after 4 weeks). Values
represent means± SEM of more than 5 different groups of cells and are expressed as % over the level of expression in non-differentiated cells. Data were analyzed by the
Student’s t-test (**p<0.01).
Thus, Eggett and coworkers [7] found that the exposure of dif-
ferentiated NSC-34 cells to glutamate causes cell death associated
with enhanced production of reactive oxygen species and with an
increase in intracellular calcium levels. These changes were pre-
vented by anti-excitotoxic compounds such as glutamate receptor
antagonists [7]. Given thewell-knownpositive effects of CB1 recep-
tor agonists on glutamate transmission, calcium homeostasis and
toxicity by reactive oxygen species, it is expected that theymayalso
preservedifferentiatedNSC-34 cells against excitotoxic stimuli.We
are presently analyzing this possibility with the idea that, if results
are positive, to study this property in in vivomodels of ALS, inwhich
excitotoxicity may represent a key pathogenic mechanism.
In addition toCB1 receptors, other elements of the endocannabi-
noid signaling system were also identified in NSC-34 cells. This
includes the two major enzymes synthesizing endocannabinoids,
i.e. NAPE-PLD and DAGL, as well as the degradative enzymes
FAAH and MAGL. These four enzymes were found in both non-
differentiated and differentiated cells, with equivalent levels of
expression for NAPE-PLD, DAGL and MAGL, but with a significant
increase in the case of FAAH after cell differentiation, similar to
the one found for the CB1 receptor. The physiological meaning of
this response is still unknown and would need additional experi-
mentation, but it may be of interest given that inhibition of FAAH
enzyme has been used as a pharmacological strategy to challenge
the endocannabinoid system in pathological conditions.
5. Conclusion
Different elements of the endocannabinoid signaling system
have been identify in cultured NSC-34 cells, including the CB1
receptors and the enzymes responsible of the synthesis and degra-
dation of endocannabinoids. The presence of the CB1 receptor
supports the idea that this receptor may play a role in the regu-
lation of cellular survival face to excitotoxic injury. Interestingly,
the expression of CB1 receptor (and also the FAAH enzyme) was
highlyup-regulatedafterdifferentiationof thesecells, aspreviously
reported that happens with ionotropic and metabotropic gluta-
mate receptors [7].Nochangeswere found forNAPE-PLD,DAGLand
MAGL. Assuming that glutamate toxicity is one of themajor causes
of neuronal damage in ALS and other motor neurons diseases, the
differentiatedNSC-34 cellsmight serve as a usefulmodel for study-
ing neuroprotectionwith cannabinoids in conditions of excitotoxic
injury, mitochondrial malfunctioning and oxidative stress.
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SUMMARY
Aims: Cannabinoids afford neuroprotection in SOD1G93A mutant mice, an experimental
model of amyotrophic lateral sclerosis (ALS). However, these mice have been poorly studied
to identify alterations in those elements of the endocannabinoid system targeted by these
treatments. Moreover, we studied the neuroprotective effect of the phytocannabinoid-
based medicine Sativex! in these mice.Methods: First, we analyzed the endocannabinoid
receptors and enzymes in the spinal cord of SOD1G93A transgenic mice at a late stage of the
disease. Second, 10-week-old transgenic mice were daily treated with an equimolecular
combination of D9-tetrahydrocannabinol- and cannabidiol-enriched botanical extracts
(20 mg/kg for each phytocannabinoid). Results: We found a significant increase of CB2
receptors and NAPE-PLD enzyme in SOD1G93A transgenic males and only CB2 receptors in
females. Pharmacological experiments demonstrated that the treatment of these mice with
the Sativex!-like combination of phytocannabinoids only produced weak improvements in
the progression of neurological deficits and in the animal survival, particularly in females.
Conclusions: Our results demonstrated changes in endocannabinoid signaling, in particu-
lar a marked up-regulation of CB2 receptors, in SOD1
G93A transgenic mice, and provide sup-
port that Sativex!may serve as a novel disease-modifying therapy in ALS.
Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive neurodegener-
ative disease caused by the selective damage of motor neurons in
the spinal cord, brainstem, and motor cortex [1]. ALS exists in two
forms, familial ALS (only 5% of cases) and sporadic ALS (most of
cases) [1,2]. The pathogenesis of ALS is still pending of complete
identification, but some mechanisms have been found to be
involved including excitotoxic damage, chronic inflammation,
oxidative stress, and protein aggregation [2–4]. For example, sev-
eral studies have identified changes in the function of glutamate
transporters that have been associated with the initial phases of
the disease [4]. High amounts of reactive microglia have been
found in those brain regions that are affected in ALS patients [5].
Genetic studies have identified several mutations in the copper–
zinc superoxide dismutase gene (SOD1), which encodes for a key
antioxidant enzyme, in approximately 12% cases of familial ALS
[6], being pathological through a gain-of-neurotoxic function. In
the last years, mutations in other genes, such as TARDBP (TAR-
DNA binding protein) and FUS (fused in sarcoma), which encode
proteins involved in pre-mRNA splicing, transport and/or stability
[7,8], and, in particular, the CCGGGG hexanucleotide expansion
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in the C9orf72 gene, which appears to account for up to 40% of
genetic cases [9], have been also identified and related to the dis-
ease. Their pathogenic mechanisms, which differ, in part, from
the toxicity associated with mutations in SOD1, led to a novel
molecular classification of ALS subtypes [10].
Despite the intensive investigation developed in the last years,
the disease still lacks of an effective treatment, with Rilutek! as
the only approved medicine [11]. Recent studies support that
cannabinoids may be beneficial as neuroprotective agents in ALS
[12]. Thus, the motor impairment was delayed, and the animal
survival prolonged after the treatment with the phytocannabinoid
D9-tetrahydrocannabinol (D9-THC) in the SOD1G93A transgenic
mouse model of ALS [13]. Other cannabinoids, including the less
psychotropic plant-derived cannabinoid cannabinol [14], the non-
selective agonist WIN55,212-2 [15], and the selective CB2 agonist
AM1241 [16,17], produced similar effects. The efficacy shown by
compounds that target the CB2 receptor [16,17] correlates with
the fact that this receptor is overexpressed in microglial cells in
postmortem spinal cords from ALS patients [18] or SOD1G93A
transgenic mice [17], becoming a promising target for the devel-
opment of disease-modifying therapies in ALS, as has been inves-
tigated in other disorders [19,20]. This has been also proposed for
the fatty acid amide hydrolase (FAAH) enzyme, which plays a key
role in the degradation of the endocannabinoids anandamide and,
to a lesser extent, 2-arachidonoyl-glycerol. Thus, elevated levels
of endocannabinoids, reached by means of genetic ablation or
pharmacological inhibition of this enzyme, also caused a delay in
the appearance of the disease in SOD1G93A transgenic mice [15].
This was not seen with the genetic ablation of the CB1 receptor,
although these animals showed an increased survival rate [15]. As
for the CB2 receptor, the efficacy of FAAH inhibition/inactivation
[15] agrees with the elevated levels of anandamide found in the
spinal cord of SOD1G93A mutant mice [21], thus indicating that
such response, as in the case of the CB2 receptor, seems to repre-
sent an endogenous protective response against the insults that
damage the motor neurons in the spinal cord, which would
deserve to be pharmacologically exploited.
Despite the promising evidence supporting that cannabinoids
may serve to develop a disease-modifying therapy in ALS, sev-
eral issues remain to be investigated. For example, it is poorly
known how the disease affects other elements of the endocanna-
binoid signaling system, such as the CB1 receptor, the key
enzyme in anandamide synthesis, N-arachidonoyl-phosphatidyl-
ethanolamine-phospholipase D (NAPE-PLD) or its equivalent in
2-arachidonoylglycerol synthesis, diacylglycerol lipase (DAGL),
and the key enzyme in the degradation of 2-arachidonoylgly-
cerol, monoacylglycerol lipase (MAGL). We believe extremely
important to determine the changes in these elements, as well
as in FAAH enzyme and CB2 receptor, in ALS, as these changes
may greatly influence the efficacy of those therapies based on
targeting the different elements of this signaling system. There-
fore, the first objective of our study was to analyze the status of
endocannabinoid receptors (e.g., CB1 and CB2) and enzymes
(e.g., NAPE-PLD, DAGL, FAAH, and MAGL), using RT-PCR, in
the spinal cord of SOD1G93A transgenic mice at a late stage of
the disease.
The pharmacological studies conducted so far in experimental
ALS appear to indicate that neuroprotective properties of cannabi-
noids in ALS depend on the combination of different mechanisms.
The data obtained in in vivo studies using the nonselective cannab-
inoid receptor agonist WIN55,212-2 [15] or compounds that selec-
tively target the CB2 receptor [16,17] suggest the participation of
cannabinoid receptors and, in particular, the CB2 receptor type
associated with the inflammatory role of glial elements in this dis-
ease. However, other mechanisms, such as those involved in can-
nabinoid receptor-independent antioxidant properties of certain
cannabinoids, for example, phytocannabinoids, cannot be
excluded. The fact that the neuroprotective effects in experimen-
tal models of ALS were reached through the activation of multiple
targets and the treatment with different cannabinoid compounds
suggests the convenience of using a cannabinoid with a broad-
spectrum action or, alternatively, a combination of different cann-
abinoids with different profiles. This may be the case of Sativex!
(GW Pharmaceuticals Ltd, Cambridgeshire, UK), a cannabinoid-
based medicine that has been recently approved for the treatment
of spasticity and pain in multiple sclerosis patients [22]. Sativex!
combines botanical extracts enriched with D9-THC and cannabidi-
ol (CBD), which facilitates the activation of different mechanisms/
targets, for example, both phytocannabinoids may act through
cannabinoid receptor-independent antioxidant mechanisms,
whereas D9-THC may activate CB1 and CB2 receptors [23]. It is
important to remark that the fact that Sativex! is already licensed
may facilitate the development of clinical studies in ALS patients
in the case of positive effects. Therefore, the second objective of
our study was to evaluate a Sativex!-like combination of phytoc-
annabinoid botanical extracts (administered i.p. vs. the oromuco-
sal form used in patients, which implies some differences in
pharmacokinetics), as a disease-modifying therapy in this experi-
mental ALS model.
Materials and methods
Animals, Treatments and Sampling
All experiments were conducted with B6SJL-Tg(SOD1*G93A)
1Gur/J transgenic, and nontransgenic littermate sibling mice bred
in our animal facilities from initial breeders generously provided
by LagenBio-Ingen (University of Zaragoza, Zaragoza, Spain) and
subjected to genotyping for identifying the presence or absence of
the transgene containing the SOD1G93A mutation (protocol pro-
vided by LagenBio-Ingen). All animals were housed in a room
with controlled photoperiod (08:00–20:00 light) and temperature
(22 ! 1°C) with free access to standard food and water. All experi-
ments were conducted according to local and European rules
(directive 2010/63/EU) and approved by the Committee for Ani-
mal Experimentation of our university. In a first experiment, we
used nontransgenic and B6SJL-Tg(SOD1*G93A)1Gur/J mutant
mice of both genders at the age of 120 days after birth, an age at
which, according to previous studies [21,24], motor deficits in
mutant mice are already evident and strongly disabling. Before
being euthanized, animals were subjected to neurological exami-
nation to confirm the existence of such motor deficits according to
the following scale: 5 = no symptoms; 4 = tremor in hindlimbs
when suspended by the tail; 3 = gait anomalies; 2 = paralysis in
one hindlimb; 1 = paralysis in both hindlimbs; and 0 = unability
to turn when lying on the back for 15 seconds (see details in refs.
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21 and 24). Immediately after, animals were euthanized and their
spinal cords were rapidly removed, frozen in 2-methylbutane
cooled in dry ice, and stored at !80°C for subsequent biochemical
analyses (qRT-PCR). In this experiment, at least 6–8 animals were
used per experimental group. In a second experiment, we con-
ducted pharmacological studies with B6SJL-Tg(SOD1*G93A)
1Gur/J mutant mice and their nontransgenic littermate siblings
starting the treatment at ages (9 weeks after birth in the case of
males and 10 weeks in the case of females, as the disease initiates
earliest in males than females; see Figure 4) at which, according to
previous studies [21,24], SOD1G93A mutant mice show the first
evidence of motor anomalies. Treatments consisted of a daily i.p.
injection of a 1:1 combination of botanical extracts enriched with
either D9-THC (D9-THC botanical extract contains 67.1% D9-THC,
0.3% CBD, 0.9% cannabigerol, 0.9% cannabichromene, and
1.9% other phytocannabinoids) or CBD (CBD botanical extract
contains 64.8% CBD, 2.3% D9-THC, 1.1% cannabigerol, 3.0%
cannabichromene, and 1.5% other phytocannabinoids), both pro-
vided by GW Pharmaceuticals Ltd. (Cambridgeshire, UK), or vehi-
cle (Tween 80-saline; 1:16). The total dose of cannabinoid
administered was always 40 mg/kg (equivalent to 20 mg/kg of
pure CBD + 20 mg/kg of pure D9-THC), a dose within the range of
effective doses of phytocannabinoids when they were adminis-
tered in pure form in experimental models of neurodegenerative
disorders including ALS [13,14]. The treatment was repeated every
day up to the end stage of the disease, when animals reached a
clinical score of 0 (they were euthanized to avoid animal suffering)
enabling to evaluate animal survival using Kaplan–Meier curves.
Every week, all animals were subjected to neurological examina-
tion following the clinical scale described before. In this experi-
ment, at least 8–12 animals were used per experimental group.
Real-Time qRT-PCR Analysis
Total RNA was extracted from spinal cord samples using Trizol
(Life Technologies, Alcobendas, Spain) and purified using Pure-
Link! RNA Mini Kit RNATidy reagent (Life Technologies, Al-
cobendas, Spain). The total amount of RNA extracted was
quantitated by spectrometry at 260 nm, and its purity was
evaluated by the ratio between the absorbance values at 260
and 280 nm, whereas its integrity was confirmed in agarose
gels. To prevent genomic DNA contamination, DNA was
removed and single-stranded complementary DNA was synthe-
sized from 1 lg of total RNA using a commercial kit (Rneasy
Mini Quantitect Reverse Transcription, Qiagen, Izasa, Madrid,
Spain). The reaction mixture was kept frozen at !20°C until
enzymatic amplification. Quantitative real-time PCR assays
were performed using TaqMan Gene Expression Assays
(Applied Biosystems, Foster City, CA, USA) to quantify mRNA
levels for CB1 receptor (ref. Mm00432621_s1), CB2 receptor
(ref. Mm00438286_m1), FAAH (ref. Mm00515684_m1), MAGL
(ref. Mm00449274_m1), DAGL (ref. Mm00813830_m1), and
NAPE-PLD (ref. Mm00724596_m1) using GAPDH expression
(ref. Mm99999915_g1) as an endogenous control gene for nor-
malization. The PCR assay was performed using the 7300 Fast
Real-Time PCR System (Applied Biosystems), and the threshold
cycle (Ct) was calculated by the instrument’s software (7300
Fast System; Applied Biosystems).
Statistics
Data were assessed by unpaired Student’s t-test or two-way ANO-
VA followed by the Student–Newman–Keuls test, as required.
Results
Experiment I: Analysis of the Endocannabinoid
Signaling in SOD1G93A Mutant Mice
In the first objective of this study, the spinal cord of 17-week-old
animals was used for biochemical analysis of endocannabinoid
receptors and enzymes using RT-PCR. Our analyses proved a sig-
nificant increase of CB2 receptor expression in SOD1
G93A trans-
genic females and, in particular, males, with no changes in CB1
receptors (Figure 1). In addition, the anandamide-synthesizing
enzyme NAPE-PLD increased in SOD1G93A transgenic males,
although not in females (Figure 2), whereas DAGL, the 2-arachi-
donoylglycerol-synthesizing enzyme, was not altered in SOD1G93A
transgenic animals, although the probability levels were close to
reach statistical significance in males (P = 0.078; Figure 2). Endoc-
annabinoid degrading enzymes, FAAH andMAGL, were not signif-
icantly affected between SOD1G93A transgenic mice compared to
their littermate nontransgenic siblings (Figure 3). It is important to
remark that SOD1G93A transgenic mice showed, in some cases and
for some parameters, a high variability, presumably related to dif-
ferences in the degree of neurological deterioration (see below).
This may explain that some differences do not reach statistical sig-
nificance and remain asmere trends toward a change.
Experiment II: Investigation of Sativex! as a
Disease-Modifying Therapy in SOD1G93A Mutant
Mice
In the second objective of this study, we examined potential
neuroprotective effects of the Sativex!-like combination of
phytocannabinoids in SOD1G93A transgenic mice. To this end, we
treated males and females when first motor symptoms have
appeared (9 weeks in the case of males and 10 weeks in females;
see Figure 4) up to the end stage of the disease (around 130 days).
We observed that the treatment with the Sativex!-like combina-
tion of phytocannabinoids slightly delayed the progression of neu-
rological deficits in the early stages of the disease, in particular in
females (Figure 4). It also tended to increase animal survival, an
effect only observed in females (Figure 4), as well as it produced a
partial recovery in the weight loss typical of transgenic animals,
although this effect was seen only in males, not in females (data
not shown). Nontransgenic littermate siblings treated with vehicle
or Sativex! did not present any differences in relation to the neu-
rological score (constantly maintained at a value of 5), animal sur-
vival data, and weight recording, so their data were omitted from
the figures to improve clarity.
Discussion
The first objective of the present study was to identify possible dif-
ferences in the expression of endocannabinoid receptors and
enzymes in the spinal cord between SOD1G93A mutant mice and
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their nontransgenic littermate siblings. These differences may
be of interest for a better design of future cannabinoid treatments
targeting the altered endocannabinoid elements. To this end, we
used SOD1G93A transgenic animals at an end stage of the disease
in which the neurological deterioration is evident and highly
disabling. According to previous literature [21,24] and also to our
own data, the disease initiates in transgenic mice around
9–11 weeks after birth with some subtle differences between gen-
ders (males being affected earlier than females; see Figure 4).
There is also certain degree of individual variability, with some
animals being affected earlier than others, which is intrinsic to the
hybrid B6SJL background of animals used here. The disease pro-
gresses up to moribundity that occurs at 19–20 weeks after birth
[21,24]. For this objective, we used male and female transgenic
mice at 17 weeks after birth, which presented a neurological score
of 1.83 ! 0.33 (n = 12) in males and of 1.06 ! 0.31 (n = 11) in
females, compared to their corresponding wild-type animals of
similar age and gender whose clinical score was always 5. These
mice showed a marked up-regulation of CB2 receptors, presum-
ably in glial elements, as has been found in experimental models
of other chronic progressive disorders (reviewed in refs. 19 and
20). In fact, this up-regulation was also found in ALS patients in a
Figure 1 Gene expression for CB1 and CB2
receptors measured in the spinal cord of male
and female SOD-1 transgenic or wild-type mice
(at 120 days after birth). Details in the text.
Values correspond to % of change over wild-
type animals and are expressed as
means ! SEM for 7–8 animals per group. Data
were analyzed using unpaired Student’s t-test.
Figure 2 Gene expression for NAPE-PLD and
DAGL enzymes measured in the spinal cord of
male and female SOD-1 transgenic or wild-type
mice (at 120 days after birth). Details in the
text. Values correspond to % of change over
wild-type animals and are expressed as
means ! SEM for 6–8 animals per group. Data
were analyzed using unpaired Student’s t-test.
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previous study conducted in postmortem spinal cord samples [18],
as well as in experimental models [17]. This type of response sup-
ports the activity of those cannabinoids targeting the CB2 receptor
as neuroprotective and antiinflammatory agents, a fact success-
fully demonstrated in the SOD1G93A transgenic mouse model of
ALS [16,17]. The novel aspect of our observation is that the
up-regulation of CB2 receptors occurred in both genders, although
it was more pronounced in the case of SOD1G93A mutant males.
These animals also exhibited other notable changes that were not
found in females. For example, certain trends in MAGL (increase)
and DAGL (decrease) enzymes, which would be compatible with
the reduction in 2-arachidonoyl-glycerol levels seen by Witting
et al. [21]. In addition, the anandamide-synthesizing enzyme
NAPE-PLD was significantly increased in SOD1G93A transgenic
males with no changes in the FAAH enzyme that degrades this
endocannabinoid, which correlates with the increased levels of
anandamide detected in the spinal cords of SOD1G93A transgenic
mice in the same study [21].
Figure 3 Gene expression for FAAH and MAGL
enzymes measured in the spinal cord of male
and female SOD-1 transgenic or wild-type mice
(at 120 days after birth). Details in the text.
Values correspond to % of change over wild-
type animals and are expressed as
means ! SEM for 7–8 animals per group. Data
were analyzed using unpaired Student’s t-test.
Figure 4 Clinical score and animal survival
measured in male and female SOD-1 transgenic
mice daily treated, from the age of 9 (in males)
or 10 (in females) weeks after birth, with the
Sativex!-like combination of
phytocannabinoids at a dose of 40 mg/kg
(equivalent to 20 mg/kg for each major
phytocannabinoid) or vehicle (Tween 80-
saline). Details in the text. Values are
expressed as means ! SEM for 8–12 animals
per group. Data were analyzed using two-way
analysis of variance followed by the Student–
Newman–Keuls test (*P < 0.05 compared to
animals treated with vehicle).
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In addition to these biochemical data, the present study also
provides additional evidence in support of cannabinoids as a pos-
sible neuroprotective therapy in ALS, as was indicated by some
previous studies (reviewed in ref. 12). Given that most of these
previous pharmacological studies used individual cannabinoid
compounds although identified different potential targets (see
ref. 12), we wanted to investigate a phytocannabinoid combina-
tion, the cannabis-based medicine Sativex!, with a broad spec-
trum of pharmacological actions. Sativex! has been recently
approved for the treatment of other neurological disorders [22],
which may facilitate the clinical projection of the potential effects
that may be found in this study. As mentioned above, Sativex!
may cover all pharmacological targets that have been found of
interest in this experimental ALS model: (1) it contains D9-THC,
which was beneficial in previous studies [13] and is active at the
CB2 receptor, whose activation with a selective synthetic cannab-
inoid was also beneficial [16,17]; and (2) it also contains CBD,
which had not been previously investigated in ALS, but it pro-
vides important antioxidant properties and also the possibility to
inhibit FAAH enzyme (reviewed in ref. 25), which has been
found to serve as a potential target in studies using genetic abla-
tion or pharmacological inhibition [15]. Our study demonstrated
that Sativex!-like combination of phytocannabinoids was effec-
tive to delay disease progression in the initial stages of the dis-
ease, in particular in females, although the effects were lost
during progression of the disease. We also quantified the animal
survival using Kaplan–Meier curves, and although the results did
not reach statistical significance, we could appreciate a trend
toward an increase in the survival of females after the treatment
with a Sativex!-like combination of phytocannabinoids. The fact
that females were apparently more responsive to Sativex! is
intriguing and may be related to the differences in the hormonal
status between both genders. In this sense, a recent study [26]
has demonstrated: (1) that the treatment with D9-THC increases
pregnenolone synthesis in the brain and, to a lesser extent, in the
spinal cord, through stimulation of CB1 receptors; and (2) that
this neurosteroid, which plays a critical role as precursor in the
synthesis of different steroid compounds, serves as a negative
allosteric modulator of CB1 receptor signaling [26]. It is well
known that males and females present some differences in their
requirements for neurosteroid biosynthesis, which may be in part
responsible for the different levels of pregnenolone found in male
and female brain areas, including the spinal cord [27]. Therefore,
it is possible that gender-dependent differences in pregnenolone
availability to inhibit CB1 receptor signaling may explain that
transgenic females are more responsive to Sativex! than trans-
genic males, but this would require additional investigation.
However, preliminary data obtained in our laboratory using
analysis by Nissl staining of the spinal cord of SOD1G93A trans-
genic mice euthanized at a late stage of the disease revealed that
large motor neurons could be relatively preserved in those ani-
mals treated with this phytocannabinoid combination. However,
they may not be functional given that this protection does not
necessarily translate at the neurological level, as found in the
present study, and these effects were similar in both genders. Fol-
low-up studies will have to confirm these preliminary data, but,
if confirmed, this will mean that the protective effect of phytoc-
annabinoids could affect primarily the survival of the motor neu-
ron, whose cell body is stained with cresyl-violet, but this level of
protection would not be sufficient with the neuron-muscle syn-
apse, which appears to be significantly hampered in view of the
weak clinical recovery. Anyway, our data support a relative effi-
cacy of this treatment, although they also suggest the need to
optimize it in follow-up studies, for instance: (1) by using increas-
ing doses of Sativex!-like combination of phytocannabinoids
(despite that, dose used here is already high and, in the case of
D9-THC, has been found to be effective in previous studies [13]);
(2) by using a different combination of phytocannabinoids (e.g.,
a mixture with high D9-THC and low CBD given that CBD may
act as an antagonist for certain D9-THC effects; see ref. 28); and
(3) by using Sativex!-like combination of phytocannabinoids as
an adjunctive therapy with other therapies used or investigated
in ALS (e.g., riluzole).
In conclusion, our results demonstrated different changes in
endocannabinoid signaling, in particular a marked up-regulation
of CB2 receptors, in SOD1
G93A transgenic mice, and provide sup-
port that Sativex! (or alternative Sativex!-like combinations of
phytocannabinoids) may serve as a novel disease-modifying ther-
apy in ALS, a disorder with a poor therapeutic outcome at present
with only one medicine already approved, Rilutek!, but with a
modest efficacy on disease progression. Anyway, more preclinical
studies in additional models of ALS, i.e., TDP-43 transgenic mice,
will be necessary before testing the clinical efficacy of Sativex! in
ALS patients.
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 HPEU\RV SHU JURXS ZLWK WKUHH UHSOL





















































P51$ =HEUD¿VK HPEU\RV ZHUH LQMHFWHG
ZLWKLQFUHDVLQJFRQFHQWUDWLRQVRIWKH&15
RU&15PRUSKROLQRV DQWLVHQVH ROLJRV WR









DQG VWDLQHG FDXGDOPRWRU QHXURQV:KHQ
ZH PHDVXUHG WKH D[RQDO OHQJWK ZH VDZ
WKDW WKH VLOHQFLQJ RI &15 GLG QRW FDXVH
DSKHQRW\SHLQPRWRUQHXURQVZLWKYDOXHV
UDQJLQJ    ȝP LQ WKH XQLQMHF
WHGHPEU\RV YV   ȝP LQ WKH
ȝ0$7*&1502LQMHFWHGHPEU\RV
+RZHYHU ZKHQ ZH VLOHQFHG &15 WKH
UH ZDV D VLJQL¿FDQW GHFUHDVH LQ WKH D[R
QDO OHQJWK WKDW ZDV GRVHGHSHQGDQW ZLWK
ȝPIRUWKHXQLQMHFWHGHPEU
\RVȝPIRUWKHȝ0875




WKHPRWRU QHXURQ SKHQRW\SH ZH GHFLGHG
WR IRFXV RQ WKH VLOHQFLQJ RI WKH&15 LQ
WKHSDUDGLJPRID[RQRSDWK\GXH WRPXWD
WHG62'H[SUHVVLRQ7RWKLVSXUSRVHZH
LQMHFWHG ]HEUD¿VK HPEU\RV ZLWK  QJ
62':7P51$QJ62'$9P51$RU
































































































































































































ZLWK $7*&15 02 WKHUH ZDV D UHYHU
VLRQ RI WKH SKHQRW\SH VHH ¿JXUH :H
DOVR VFRUHG DEQRUPDO EUDQFKLQJ LQ WKHVH
HPEU\RV 7KH QXPEHU RI DEQRUPDO D[RQ
VSURXWLQJ ZDV KLJKHU LQ WKH 62' $9
P51$LQMHFWHGHPEU\RVWKDQLQWKH62'




























































































































































PRWRU QHXURQV :KHQ &15 LV VLOHQFHG
XVLQJDQ$7*02WKHUHLVQRUHGXFWLRQLQ
WKHD[RQDO OHQJWK7KHVHUHVXOWVFRXOGLP
SO\ WKDW WKH&15 LVQRW\HWH[SUHVVHG LQ
WKHVSLQDOFRUG$FFRUGLQJWRSUHYLRXVGDWD
/DP HW DO  :DWVRQ HW DO 
WKHH[SUHVVLRQRI&%5VWDUWVODWHO\ LQWKH
GHYHORSPHQW RI WKHHPEU\R VWDJHKSI
DQG LW LV UHVWULFWHG WR SRVWPLWRWLF FHOOV LQ
WKH GRUVDO WHOHQFHSKDORQ DQ WKH K\SRWKD
ODPXV DQG WKH SDWWHUQ H[SDQGV WKURXJK
GHYHORSPHQW +RZHYHU LQ RXU KDQGV ZH













DQG &%5 UHYLHZHG LQ *DOYH5RSHUK HW
DO  +RZHYHU RXU SUHOLPLQDU\ GDWD
VKRZVWKDWLQWKHSDUDGLJPRIDQD[RQRSD
WK\GXH WR62'$9RYHUH[SUHVVLRQ LQ]H
EUD¿VK HPEU\RV /HPPHQV HW DO 
WKH FRLQMHFWLRQ RI 62'$9 P51$ DQG
$7*&1502VKRZHGDSKHQRW\SLFUHV
FXH FRPSDUHG ZLWK WKH 62'$9 P51$











RI 62' EXW WKHUH LV SUHYLRXV GDWD WKDW
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JHQRXV FDQQDELQRLG V\VWHP LV XSUHJXODWHG LQ WKH
EUDLQVRIPDFDTXHVZLWKVLPLDQ LPPXQRGH¿FLHQF\
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'LVWULEXWLRQRIFDQQDELQRLGUHFHSWRULQWKH&16RI
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IRU WKH HQGRFDQQDELQRLG V\VWHP GXULQJ ]HEUD¿VK
GHYHORSPHQW0RO&HOO(QGRFULQRO±
0RRUH'+DQG$ERRG0(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$P\RWURSKLF
ODWHUDO VFOHURVLV GHOD\HG GLVHDVH SURJUHVVLRQ LQ
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WLHVDUH LQFUHDVHG LQDFWLYDWHGPLFURJOLDO FHOOVPD




















JVTIPUH[PVU H[[LU\H[L [OL UL\YVSVNPJHS KL
JSPUL PUTPJLTVKLSZVM4:>05
PUJYLHZLZ[OLL_WYLZZPVUSL]LSZVM[OLNS\[H
TH[L [YHUZWVY[LYZ.3(:;HUK.3; PU [OL
ZWPUHSJVYKVM,(,TPJLWYVIHIS`LUOHUJPUN
















[LY [OL JSPUPJHS JV\YZL VM 4: PU ;4,=0++
TPJLHUK,(,TPJL0U[OL;4,=0++TPJL
[OLYL PZH YLK\J[PVUVM [OLUL\YVSVNPJHSKL












HUK TNRN:H[P]L_SPRL JVTIPUH[PVU YL
K\JL[OLUL\YVSVNPJHSKLJSPUL]LYZ\Z]LOPJSL
[YLH[LK TPJL /V^L]LY *)+)+: [YLH[LK
HUPTHSZZOV^LKUVKPќLYLUJLJVTWHYLK[V
]LOPJSL [YLH[LK HUPTHSZ ;OPZ YLZ\S[Z ZOV^
[OH[ PU [OL ,(,TVKLS :H[P]L_SPRL JVTIP
UH[PVU PZ ILULÄJPHS [V H[[LU\H[L [OL JSPUPJHS
JV\YZLVM[OLKPZLHZL^P[O[OLZHTLLќLJ[
HZ Ю ;/*)+: [YLH[LK HUPTHSZ I\[ ^P[O
OHSM [OL HTV\U[ VM WZ`JOVHJ[P]L TVSLJ\SL





 ;OL*)9WSH`ZHU PTWVY[HU[ YVSL PU
[OL YLN\SH[PVU VM 4: ;OL YVSL VM *)9 PU
[OLJV\YZLVM,(,PUTPJL^HZPUP[PHSS`KLZ
JYPILKI`7Y`JLL[HS>05
OHZ HSZV Z\JJLZZM\SS` ILLU \ZLK [V KLSH`
KPZLHZLWYVNYLZZPVU PUV[OLYTVKLSZVM4:










HJ[P]P[` VM [OL LUKVJHUUHIPUVPK Z`Z[LT PU
TPJLHUKYH[Z;OLLќLJ[VMЮ ;/*PU,(,
PZSHYNLS`RUV^UZPUJL  ^OLUP[^HZW\
ISPZOLK [OH[ Ю ;/*^HZ LќLJ[P]L [V V]LY











]LYZPHS 0U V\Y OHUKZ *)+)+: KVLZ UV[
YLK\JL[OLUL\YVSVNPJHSZJVYLVM,(,TPJL
HS[OV\NO*)+)+:PZLќLJ[P]LPU;4,=0++
HWWHYLU[S` [OYV\NO 77(9ф HJ[P]H[PVU HUK
((YLJLW[VYZ 4LJOHL[HS+LZWP
[L[OPZYLZ\S[Z[OH[JHUILL_WSHPULKK\L[V
KPќLYLU[ WH[OVNLUPJ L]LU[Z [OH[ [HRL WSHJL














HUK [O\Z [OLYL PZ H ZTHSS WLYJLU[HNL 
   VM V[OLY JHUUHIPUVPKZ Z\JO HZ










WSHJL PU [OVZLTVKLSZ KVU»[TH[JO L_HJ[S`
^P[O O\THU 4: *YV_MVYK L[ HS 
/V^L]LY4:WH[OVNLUPJL]LU[ZHYLUV[`L[
M\SS`\UKLYZ[VVKHUKL]LY`WH[PLU[OHZ[OLPY











 ;OL SHJRVMLќLJ[P]L [OLYHWPLZ [V YL





NP]LZ PUZPNO[ VM [OL HU[PNS\[HTH[LYNPJ HUK
HU[PPUÅHTTH[VY` LќLJ[Z VM >05 




PZHSYLHK` SPJLUZLKHZHKY\N [V [YLH[ZSLLW








 6\Y YLZ\S[ZZOV^ZVTLVM [OL PTWSP
JH[PVUZ VM [OL ,*: PU (3: -PYZ[ ^L OH]L
ZOV^U [OL JOHYHJ[LYPaH[PVU VM [OL ,*: PU
HUPU]P[YVTVKLS[OH[PZ^PKLS`\ZLKPU(3:
[OL5:*JLSSZ;OPZTV[VYUL\YVUJLSSSPUL
L_WYLZZ *)9 HUK [OL LUKVJHUUHIPUVPK
Z`U[OLZPZHUKKLNYHKH[PVULUa`TLZ5(7,
73+ +(.3 -((/ HUK4(.3 0U KPќLYLU
[PH[LKJLSSZ [OLYL PZHZPNUPÄJHU[ PUJYLHZL PU
-((/HUK*)9L_WYLZZPVU SL]LSZ;OPZ PU
JYLHZLK SL]LSZ WVPU[ [V HU PTWVY[HUJL VM




HUK MLTHSLZ ;YHUZNLUPJ TPJL V]LYL_WYLZZ
[OL*)9I\[ [OLYL PZ HKPќLYLU[PHS NLUKLY










IPUH[PVU VM Ю ;/* HUK *)+ H[ Z`TW[VT
VUZL[ [OL UL\YVSVNPJHS KLJSPUL PTWYV]LZ PU
IV[O THSLZ HUK MLTHSLZ LZWLJPHSS` PU [OL
ÄYZ[ ^LLRZ VM [YLH[TLU[ /V^L]LY PUTHSL
TPJLHNLKKH`ZVSK^LJV\SKUV[VIZLY
]LHUPTWYV]LTLU[PUOPUKSPTIT\ZJSL]VS\





 >L OH]L HSZV VI[HPULK MVY [OL ÄYZ[


















a`TL PZ JVUZPZ[LU[^P[O [OL(,( PUJYLHZLK
SL]LSZ MV\UK PU [OLZWPUHSJVYKVM:6+. (
TPJL >P[[PUN L[ HS  ;OL *)9 HUK





^P[O V[OLY JHUUHIPUVPKZ Z\JO HZ JHUUHIP
UVS>L`K[L[HS[OL*)9(4

























TV[VY UL\YVUZ I\[ V[OLYZ OH]L MV\UK HU




V\Y RUV^SLKNL [OPZ HS[LYH[PVU VM [OL *)9
HJ[P]P[`OHZUV[ILZLLUPUV[OLYUL\YVKLNL
ULYH[P]L KPZLHZLZ ;OPZ HIUVYTHS ZLUZP[P]P[`
JV\SKL_WSHPU[OLWHYHKV_PUJYLHZLKZ\Y]P]HS
VM *):6+. ( TPJL KLZJYPILK I` )PSZ
SHUKL[HS(S[OV\NOWYLSPTPUHY`HUK
UV[ W\ISPZOLK [OL YLJV]LY` VM [OL H_VUHS
SLUN[O HUK [OL HIUVYTHS IYHUJOPUN ^OLU








 (3: PZ MHY [V IL J\YLK ;OLYL PZ HU
\YNL MVY UL^ [OLYHWL\[PJ [HYNL[Z [OH[ JHU
KLSH`VYZ[VW[OLWYVNYLZZPVUVM[OLKPZLHZL
6\YKH[HZ\WWVY[Z[OLPKLHVMHUPU]VS]LTLU[
VM JOHUNLZ PU [OL ,*:K\L [V [OL KPZLHZL
WYVNYLZZPVU >L OH]L HSZV WYV]PKLK KH[H
[OH[WVPU[Z[OH[:H[P]L_HSPJLUZLKKY\N[V
[YLH[ 4: Z`TW[VTZ OHZ TPSK LќLJ[Z KLSH
`PUN[OLUL\YVSVNPJHSKLNLULYH[PVUPUHU(3:
TV\ZLTVKLS HUKUV LќLJ[Z PU PUJYLHZPUN
[OLZ\Y]P]HS)\[M\Y[OLYL_WLYPTLU[ZZOV\SK
ILKVULTH`IL^P[OHKPќLYLU[[OLYHWL\[PJ
HWWYVHJO ;OL *)9 HNVUPZ[Z OHZ ILLU
Z\JJLZZM\S [YLH[PUN (3: Z`TW[VTZ PU WYL
JSPUPJHS YLZLHYJO :OVLTHRLY L[ HS 
(UHWWYVHJO\ZPUN*)9HU[HNVUPZ[ZJV\SK









.HYJxH L[ HS  0U HU` JHZLTVYL YL
ZLHYJOULLKZ[VILKVULI\[[OLHTV\U[VM







































]LSTLJOHUPZ[PJ JSHZZ VM MH[[` HJPK HTPKL O`KYVSHZL
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TLKPH[LK I` LUKVJHUUHIPUVPKZ 5H[\YL  ¶



























)HZ[PHULSSV : 7VaaPSSP * +»(UKYLH -4PSSLÄVYPUP
,;YVQHUV44VYPUV:.HZWLYPUP*)VaaHV(
.HSS\JJP 4 HUK (UKYL\SH *    ( JVU[YVSSLK








)LSSVJJOPV 3 3HMLUv[YL 7 *HUUPJO ( *V[H +




)LS[YHTV 4 :[LSSH 5 *HSPNUHUV ( 3PU :@













[LYHS ZJSLYVZPZ (3:9PS\aVSL :[\K`.YV\W5,UNS 1
4LK¶ 
)LU[V(IYL\ ( =HU +HTTL 7 ]HU KLU )VZJO
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